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ABSTRACT 
A Non-phase change heat pipe (NPCHP) with no wick was proposed recently as a new 
heat pipe which is not dependent on a wick or phase change at steady state operation and where 
the heat transfer is driven by the pressure response to a heat input, rather than phase change. The 
NPCHP is not a new device as suggested but is a loop thermosyphon with very high fill ratio. This 
effort focuses on proving the NPCHP, as an overfilled loop thermosyphon, is an effective heat 
transfer device through experiments and numerical simulations. An analysis of the operation and 
effectiveness of the thermosyphon is performed through both experimentation and numerical 
simulation. The loop thermosyphon is shown to have a high effective thermal conductivity when 
tested with water and R134a as working fluids in several fill ratios and heat inputs greater than 
200W, a fast thermal response time, and a high heat flux on the order of 105 W/m2. NPCHP exhibits 
characteristics of a loop thermosyphon and can be classified as such. 
This effort also focuses on understanding how changing different system parameters, 
including heat inputs of 100-350W, fill ratios of 25-100% for water and R314a as working fluids, 
and inclination angles of with the evaporator vertically below the condenser, at a 45o angle with 
the evaporator below the condenser, horizontal, and vertical with the evaporator above the 
condenser, affect the overall system performance of the loop thermosyphon. A detailed 
experimental investigation including flow visualization is performed. Depending on the initial fill 
ratio and working fluid, the loop thermosyphon is shown to either operate as a two-phase loop 
thermosyphon (TPLTS) or a single-phase loop thermosyphon (SPLTS).  
Finally, a detailed 2D computational fluid dynamics (CFD) model simulating two-phase 
flow and heat transfer in a TPLTS is presented. The CFD simulation was built to represent two-
phase flow and heat transfer phenomena during the transient analysis of a TPLTS under various 
operating conditions. The two-phase flow was modeled using the volume of fluid (VOF) model, 
and the Lee model was utilized for evaporation and condensation. Simulation results were 
compared with experimental temperature, pressure, and flow visualization data. 
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Chapter 1: Is a Non-Phase Change Heat Pipe a New Heat Pipe? 
Nomenclature 
𝐴𝑐  cross-sectional area (m
2)  Greek Symbols   
𝐴𝑠  surface area (m
2)  ε  volume fraction 
𝐷  diameter (m)  Π  number of phases 
h  convection coefficient (W/ m2∙K)  ρ  density (kg/m3) 
ℎ  specific enthalpy (J/kg)  𝝉  viscous stress tensor (N/m2) 
ℎ̃  average enthalpy of multiphase mixture (J/kg)  𝝉′  stress tensor (N/m2) 
𝑘  thermal conductivity (W/m∙K)  𝛁  laplace operator vector 
𝐿  length (m)     
?̇?  rate of mass transfer due to evaporation or 
condensation (kg/s∙m3) 
 Subscript   
?̇? 𝑗𝑘
′′′  mass transfer per unit volume from phase 𝑗 to 
phase  𝑘 due to phase change 
 𝑎  adiabatic 
?̇?𝐼
′′′  momentum production rate due to interaction 
between phases along their separating interfaces 
 ?̇?𝐼
′′′
= ∑ ∑ 〈?̇? 𝑗𝑘
′′′ 〉Π𝑗=1(𝑗≠𝑘)
Π
𝑘=1 〈𝐕𝑘,𝐼〉
𝑘 
 𝑎𝑣𝑒  average 
𝑝  pressure (Pa)  𝑐  condenser 
𝐪′′  heat flux vector (W/m2)  𝑒  evaporator 
𝑞′′′  Internal heat generation per unit volume (W/m3)  𝑒𝑓𝑓  effective 
?̇?  heat (W)  𝐼  interface 
𝑟  mass transfer intensity factor  𝑖𝑛  input 
𝑇  temperature (K)  𝑘  kth phase 
V  velocity vector (m/s)  𝑙  liquid phase 
?̃?  mass-averaged velocity vector, 
1
〈𝜌〉
(∑ 𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘〉
𝑘Π
𝑘=1 ) (m/s) 
 𝑚𝑎𝑥  maximum 
𝐗  body force vector  𝑜𝑢𝑡  output 
    𝑟  radial 
Other    sat  saturated state 
〈 〉  volume averaged  v  vapor phase 
〈 〉k  phase averaged  ∞  free stream 
𝐷
𝐷𝑡
 
 substantial derivative     
 
1. Introduction 
A heat pipe is a highly effective and well-established device which transfers a large amount 
of heat from one location to another. The components of a conventional heat pipe are the wick, 
outer wall, and working fluid, which flows through the three main sections of the heat pipe: 
evaporator, adiabatic section, and condenser (Faghri, 2016). A diagram of a conventional heat pipe 
is shown in Fig. 1a (Boothaisong et al., 2015). There is a small temperature drop between the 
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evaporator and condenser section of the heat pipe, referred to as the adiabatic section, where the 
heat pipe operates nearly isothermally (Faghri, 2017). Heat is applied externally to the evaporator 
section and vaporizes the fluid in the saturated wick, which is driven by the vapor pressure through 
the adiabatic section to the condenser where it condenses and releases its latent heat, then is 
returned to the evaporator by capillary action of the wick (Faghri, 2012; Poplaski et al., 2016). The 
main driver of heat transfer in the conventional heat pipe is phase change and the wick. There are 
several different types of heat pipe depending on the application, including: conventional heat 
pipes, loop heat pipes (LHP), pulsating heat pipes (PHP), and thermosyphons, which can also be 
broken up into conventional thermosyphons and single- and two-phase loop thermosyphons. A 
conventional heat pipe reliant on phase change has several limits. These limits include the viscous, 
sonic, capillary, entrainment, flooding, and boiling limits. Challenges and opportunities of heat 
pipes are discussed by Faghri (2014). Heat pipe analysis and numerical simulation covering all 
types of heat pipes with various levels of approximation is reviewed by Bergman & Faghri (2017). 
A LHP is similar to a conventional heat pipe in that it uses a wick structure to help transport 
working fluid. Unlike the conventional heat pipe, the LHP contains a wick in the evaporator and 
reservoir only and forms a closed loop rather than a straight pipe and can transfer heat over long 
distances. The main principles of the LHP include: the use of fine-pored wicks, decrease in the 
distance of the liquid motion in the wick, organization of effective heat exchange during the 
evaporation and condensation of a working fluid, and minimal pressure losses in the adiabatic 
section (Maydanik, 2005). The LHP takes heat input at the evaporator section which vaporizes the 
working fluid and transports it by capillary action to the condenser where it is condensed back into 
a liquid, releasing its latent heat. Unlike a conventional heat pipe, a LHP has a reservoir, which 
holds excess fluid and draws condensed liquid from the condenser back to the evaporator. The 
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reservoir operates at a temperature slightly lower than the evaporator. Since the wick only exists 
in the evaporator and reservoir, the connection between the evaporator and condenser is by smooth 
tubes which minimizes pressure drop. The primary wick is composed of fine pores, which allows 
for the development of the high capillary pressure required for circulation of the fluid around the 
loop. A LHP can operate effectively at any orientation in the gravitational field and can transport 
heat over longer distances than conventional heat pipes (Faghri, 2016).  
A PHP is a closed, two-phase system capable of transporting heat from a heat source to a 
heat sink without any additional power input and dissipating high heat fluxes. The unique feature 
of PHPs, compared to conventional heat pipes, is that there is no wick structure to return the 
condensate to the heating section, and therefore no countercurrent flow between the liquid and 
vapor (Y. Zhang & Faghri, 2008). PHPs have a very small diameter which allows vapor plugs and 
liquid slugs to form as a result of capillary action (Faghri, 2016). In a PHP, the liquid and vapor 
are distributed throughout the pipe as liquid slugs and vapor bubbles. The vapor pressure of the 
bubbles increases as the evaporator section of the pipe is heated, which pushes the liquid slugs 
toward the cooled section where the vapor bubbles condense. As the vapor bubbles condense, 
vapor pressure decreases and the working fluid flows back to the evaporator, creating an oscillatory 
flow. The driving forces of this oscillation are the surface tension, gravity, and fluctuation in 
pressure from the evaporator to condenser sections. Some of the major advantages of the PHP 
include: easy to realize miniaturization because the size of the PHP can be very small due to small 
inner diameter, and high flexibility because the pipe can be arranged in arbitrary configurations to 
match the application (Han et al., 2016). 
A two-phase conventional thermosyphon (TPCTS), a schematic of which is shown in Fig. 
1b., is sometimes referred to as a gravity assisted heat pipe and consists of an evaporator and 
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condenser. There is no wick in TPCTS because the force of gravity drives the fluid flow. The 
liquid and vapor occupy a single straight tube and the flow is counter-current. The heat input to 
the evaporator vaporizes the working fluid, which then flows up to the condenser. The working 
fluid is then condensed back into a liquid in the condenser section, releases its latent heat, and 
drains back down the walls to the evaporator.  
 
Figure 1: Diagrams of a. Conventional Heat Pipe b. Two-phase Conventional Thermosyphon c. 
Two-phase Loop Thermosyphon c. Single-phase Loop Thermosyphon Showing the Flow of 
Liquid and/or Vapor  
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Due to the counter-current flow of the liquid and vapor, the thermosyphon performance is 
limited by the flooding limit. This occurs when working fluid temperature is low, and vapor 
velocity is high. The shear of the vapor traveling to the condenser prevents liquid film on the wall 
from traveling back to the condenser. The conventional thermosyphon is also subject to the dry-
out limit. This occurs when the fill charge ratio is too small and the condensate film eventually 
dries out (Park et al., 2002). Thermosyphon performance has been studied extensively, varying 
several parameters including: working fluid, fill ratio, heat input, and orientation. For conventional 
thermosyphons, fill ratio is usually described as volume of working fluid relative to the volume of 
the evaporator. The fill ratio is sometimes also reported as volume of working fluid relative to the 
total thermosyphon volume. For the experiment discussed, fill ratio is the percentage of volume 
filled with respect to the total volume of the loop. Smith et al. (2016) tested several fill ratios 
between 50% and 150% of the evaporator volume and reported the optimal fill ratio to be 100% 
(the evaporator is initially entirely filled with working fluid), in their case water was used. 
The two-phase loop thermosyphon (TPLTS), a general schematic of which is shown in Fig. 
1c, consists of an evaporator, riser, condenser, and downcomer. Heat input to the evaporator 
section vaporizes the working fluid (Zhang et al., 2015). The vapor (or liquid-vapor mix, 
depending on the initial fill ratio) then flows up the riser to the condenser where it is condensed 
back into a liquid. The flow in the TPLTS is co-current, with liquid and vapor flowing in the same 
direction around the loop. The liquid phase (or liquid-vapor mix, depending on the initial fill ratio) 
flows down the downcomer back to the evaporator. The flow of liquid is driven by the density 
difference of the lower temperature fluid coming from the condenser and the higher temperature 
lower density flow from the evaporator (Khodabandeh, 2005). The TPLTS has no flooding limit. 
Some TPLTS have wicks in the evaporator and some do not. However, the TPLTS operates more 
6 
 
effectively with wick structures in the evaporator than without (Kang et al., 2010). The TPLTS 
relies on gravity for the flow of working fluid, and the heat transfer relies on the heat of 
vaporization.  
Several key parameters that influence the performance of the TPLTS are: heat input, 
internal tube diameter, distance between evaporator and condenser, length of heat input zone, 
thermo-physical properties of working fluid, operating pressure, and volumetric filling ratio 
(Franco et al., 2012). The flow in the TPLTS is co-current, with liquid and vapor flowing in the 
same direction around the loop. For low fill ratios, there is no liquid in the riser (section through 
which vapor flows to the evaporator), and for high fill ratios, generally greater than 100% relative 
to the evaporator volume, there is a mixture of liquid and vapor in both the riser and the downcomer 
(section connecting the condenser to the evaporator through which the condensed working fluid 
flows) (Tong et al., 2016). The TPLTS relies on gravity for the flow of working fluid, and the heat 
transfer relies on the heat of vaporization.  
The ideal fill ratio depends on the boiling point and latent heat of the fluid being used. For 
low fill ratios, dry-out may occur for the system with wick structure (Kang et al., 2010). The 
amount of working fluid is chosen such that the liquid builds up in the downcomer below the 
condenser, thus generating hydrostatic head in the evaporator. When water is used as the working 
fluid, optimal fill ratios of 30% were reported by Kang et al. (2010), Chehade et al. (2014) 
determined the optimal fill ratio to be between 7% and 10% relative to the total loop volume, and 
Chang et al. (2012) reported an optimal fill ratio of 50% relative to the evaporator volume. Several 
other working fluids have been tested in TPLTS and the optimal fill ratios were determined. 
According to Kang et al., (2010) the ideal fill ratio is 10% with methanol as the working. Naresh 
& Balaji (2018) studied the effect of fill ratio on performance of the TPLTS and concluded the 
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optimal volume of R134a as the working fluid is 50% relative to the volume of the evaporator.  
Park et al. (2002) studied a TPLTS with FC-72 as the working fluid, and concluded that a 10% fill 
ratio resulted in dry-out, and a 50% fill ratio resulted in flooding, therefore the optimal fill ratio is 
between those two values. Fu et al. (2015) reported the fill ratio should be between 30-80% of the 
total loop volume with ammonia as the working fluid. Values less than 30% resulted in dry-out 
and values greater than 80% resulted in flooding. Beitelmal & Patel (2002) report optimal charge 
amounts to be between 10% and 15% PF-5060 relative to the total volume available in the 
evaporation chamber. Based on the literature review discussed above, it is clear the optimal fill 
ratio varies greatly depending on the working fluid and other system parameters, including size of 
the evaporator relative to the remainder of the loop. 
The third type of thermosyphon is the single-phase loop thermosyphon (SPLTS) which is 
also sometimes referred to as single-phase natural circulation loop, a general schematic of which 
is shown in Fig. 1d. The basic structure is the same as that of a TPLTS where there is an evaporator 
section that heats the working fluid, a pipe connects the evaporator to the condenser (riser), the 
condenser cools the working fluid, and another pipe connects the condenser to the evaporator 
(downcomer) through which the working fluid flows back to the evaporator. The flow is driven by 
the hydrostatic pressure difference that results from the temperature gradient and resulting density 
gradient from the evaporator to the condenser. Fluid motion is generated by density differences in 
the due to temperature gradients generated by the evaporator and condenser (Lu et al., 2014). The 
motion is governed by the balance of the opposite effects of buoyancy (due to the different fluid 
densities in the ascending (warm) and descending (cold) sections), and friction (Maiani et al., 
2003). Generally, the heat sink is above the heat source to enhance the circulation rates (Vijayan, 
2002). A disadvantage of the SPLTS is that interaction between buoyancy and frictional forces can 
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be unstable. There is also an expansion tank shown in Fig. 1d which may be present in a SPLTS 
to accommodate the volume expiation of working fluid as temperature increases. 
The single-phase LTS studied by Dobson & Ruppersberg (2007) also has an expansion 
tank into which excess fluid flows as a result of thermal expansion. The expansion tank serves to 
ensure the pressure in the loop does not get too high. Pilkhwal et al. (2007) also used an expansion 
tank in their experiment to allow for the expansion of working fluid (in this case water). Naveen 
et al. (2015) explain the expansion tank is necessary to vent the air out during the loop filling, and 
to accommodate the swells and shrinkages of the fluid within the loop during transient operation. 
Typically, the SPLTS is fully filled with liquid working fluid. 
The NPCHP was proposed by Lee et al. (2010a, 2010b) as a new heat pipe. They report 
the phase change of the working fluid is suppressed at steady state operation, and the heat transfer 
is dependent on the pressure increase from the temperature increase of the working fluid, rather 
than phase change, as in conventional heat pipes. Since the NPCHP does not rely on phase change, 
a wick is not necessary. Preliminary results on the operation of the NPCHP identify heat transfer 
modes (Lee et al., 2010a, 2010b). Their efforts also focused on the qualitative performance of the 
NPCHP. Our focus is to show, through quantitative and numerical results, the NPCHP is not a new 
heat pipe but instead operates as either a single- or two-phase loop thermosyphon based on working 
fluid and liquid fill ratio and is subject to the corresponding limitations. 
2. Experiment Setup 
The NPCHP experiment consists of a loop of stainless-steel pipe filled with R134a as the 
working fluid. A diagram of the experiment is shown in Fig. 2. The evaporator section (1), consists 
of three AC 110V 100-300W 2 Wire Mold Cartridge Heater Pipe Heating Elements (12mm x 
80mm). A pressure release valve (2) is added to release pressure from the system if it increases 
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above 350 psi. Fluid release and fill valves (3) are used to add and remove working fluid from the 
system. The condenser section of the NPCHP consists of a cooling jacket (4) surrounding a section 
of the pipe. Cold water (~5oC), which is cooled by two LAUDA Alpha RA8 water coolers (5), 
flows through the cooling jacket. Heat is transferred out of the system into the cooling water. The 
flowmeter (FL-3440ST) (6) is used to adjust the flow rate of the cooling water moving through the 
cooling jacket. The variable automatic transformer (Staco Energy Products Co 3PN1510) (7) 
adjusts the power supplied to the heating element. The digital wattmeter (Vector-Vid WD-767) (8) 
reads the value of power supplied to the heating element.  
The pipe material is stainless steel with outer and inner diameters of 12.7 mm and 10.9 
mm, respectively. The pipe is almost entirely filled with liquid R134a, a typical fill amount is 90-
95% relative to total loop volume. The overall height and width of the pipe are 1.465 m and 0.395 
m, respectively. The pipe is oriented vertically with the heating element below the condenser on 
opposite sides of the pipe. The entire pipe is insulated with 1 inch thick ceramic fiber insulation. 
The heating element is surrounded by three layers of insulation. 
K-type thermocouples and pressure transducers (Digi-Key P51-500-A-A-I36-5V-000-000 500 
Psia 1/4NPT 5V) are placed at multiple locations around the loop. Instrumentation locations are 
shown in Fig. 2. Thermal response time of the system to a heat input can be observed by plotting 
temperatures at various locations with time.  
 The pressure transducers are used in concurrence with the temperature at those locations 
to determine the phase of the working fluid with time and location around the loop. Since the main 
driver for heat transfer in the NPCHP is the pressure response to the heat input, it is important to 
understand how the pressure changes throughout the experiment.  
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Figure 2: Layout of the NPCHP Experimental Setup Showing Thermocouple and Pressure 
Transducer Locations  
 Thermocouples T1-5, T10, T11, and T14 are placed on the outside of the pipe. T10 
measures the temperature just before the evaporator, T5 measures the temperature just after the 
evaporator, T4 measures the top center (TC) temperature, T2 and T11 are the temperatures before 
and after the condenser, respectively, and T1 is the bottom center (BC) temperature. T8-9 and T6-
7 are the cooling water inlet and outlet temperatures, respectively. T12 measures the temperature 
of the working fluid inside the pipe. T13 measures the temperature of the heating element. 
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3. Numerical Simulation 
The multi-fluid model is one method for the formulation of macroscopic equations of a 
multiphase system, obtained using phase averaging. The multi-fluid model performs averaging for 
each individual phase within a multiphase control volume (Faghri & Zhang, 2006). In this 
computational model, one set of equations is generated for each phase present in the system. These 
equations describe the flow within the control volume. The mixture model is another method for 
the formulation of macroscopic equations of a multiphase system. In the mixture model, spatial 
averaging is performed over both phases simultaneously within the control volume, and the phases 
are considered together as a whole (Faghri & Zhang, 2006). Governing equations for the mixture 
model are obtained by adding the multi-fluid equations for each phase. Therefore, only one 
equation is solved for each conservation equation. The mixture model solves the momentum 
equation by describing the dispersed phases with relative velocities. The Ansys FLUENT VOF 
model (“Volume of Fluid (VOF) Model Theory,” 2006) is used to model multiphase flow in the 
NPCHP and uses both multi-fluid and mixture models to describe the flow for this 2D transient 
model.  
In this approach, the multi-fluid model is used to solve the continuity equation; there is one 
equation for each phase present in the multiphase control volume. The following equation 
describes the continuity equation for the volume fraction of each phase to track the interface 
between phases (Faghri & Zhang, 2006): 
𝜕
𝜕𝑡
(𝜀𝑘〈𝜌𝑘〉
𝑘) + ∇ ∙ (𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘〉
𝑘) = ∑ (?̇? 𝑗𝑘
′′′)
Π
𝑗=1(𝑗≠𝑘)
 
 
(1) 
Since the sum of the volume fraction of all the fluid phases present in each computational cell 
must sum to 1, volume fraction is solved for each phase except the primary phase, which is 
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defined based by ease of modeling to be the liquid phase working fluid. The volume fraction of 
the primary phase is determined by solving for the volume fraction such that the sum of all 
volume fractions is 1. 
The mixture model is used to solve the momentum equation. A single momentum equation 
is solved throughout the domain, which is dependent on the volume fractions of all the phases. The 
properties in the momentum equation are calculated based on the phases in each control volume. 
The mixture model momentum equation is:  
𝜕
𝜕𝑡
(〈𝜌〉?̃?) + ∇ ⋅ ∑ 𝜀𝑘
Π
𝑘=1
〈𝜌𝑘〉
k〈𝐕𝑘𝐕𝑘〉
k =  ∇ ∙ 〈𝝉′〉 + 〈ρ〉𝐗 + ?̇?𝐼
′′′ 
(2) 
The energy equation, like the momentum equation, is shared among the phases and uses 
the mixture model. The mixture model energy equation is (Faghri & Zhang, 2006): 
𝜕
𝜕𝑡
(〈𝜌〉ℎ̃) + ∇ ∙ (∑ 𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘ℎ𝑘〉
𝑘
Π
𝑘=1
) = −∇ ∙ 〈𝐪′′〉 +
𝐷〈𝑝〉
𝐷𝑡
+ 〈𝑞′′′〉 + ∇?̃?: 〈𝝉〉 + 𝑞𝑰
′′′ 
(3) 
  Assumptions and boundary conditions are applied to the model as follows: there is a 
heating section around part of the outside of the pipe modeled as constant heat flux, and a cooling 
section around another section modeled as convection heat transfer, the remainder is modeled as 
adiabatic.  
 The pressure-based, transient, planar solver is used. Pressure-based methods are used for 
incompressible and low Mach number flows, whereas the density-based solver is used for 
transonic and supersonic flow fields (Sankaran & Merkle, 2004). Since the flow through the pipe 
is not high speed, the pressure-based solver is appropriate, and the explicit scheme is used. 
Sharp/dispersed is used for the interface modeling. The sharp model is applicable when there is a 
distinct interface between the two phases, dispersed is used when the phases are interpenetrating, 
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and sharp/dispersed is a combination of the two (Choosing Volume Fraction Formulation). The 
energy equation is used to model the phase change of liquid to vapor working fluid, and vice versa. 
The flow is modeled as laminar, and the SIMPLE algorithm for pressure-velocity coupling is used. 
The saturation temperature for R134a is defined as a function of saturation pressure. The 
saturation temperature (K) and pressure (Pa) are related using a polynomial relationship: 𝑇𝑠𝑎𝑡 =
−1.12𝑥10−23𝑃4 + + 5.71𝑥10−17𝑃3 − 1.16𝑥10−10𝑃2 − 1.43𝑥10−4𝑃 + 239.96 obtained for a 
pressure range of approximately 2.9-16.8 bar, which is within the operational range of the 
experiment (“Thermophysical Properties of Fluid Systems,” 2017). If the simulation pressure 
increases beyond this range, the polynomial relationship will be followed until the simulation 
maximum pressure limit of 500,000 bar is reached and the simulation will output an error and stop 
running. There is a mass interaction between liquid R134a and R134a vapor in the initial startup 
phase of the NPCHP, where the interaction mechanism is evaporation-condensation. Evaporation-
condensation is modeled using the Lee Model (Lee, 1980). The Lee model uses the following 
equations to calculate mass transfers:  
𝑚𝑣̇ = −𝑚𝑙̇ = 𝑟𝜀𝑙𝜌𝑙
𝑇 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
          𝑇 > 𝑇𝑠𝑎𝑡 
(evaporation process) (4) 
𝑚𝑙̇ = −𝑚𝑣̇ = 𝑟𝜀𝑣𝜌𝑣
𝑇𝑠𝑎𝑡 − 𝑇
𝑇𝑠𝑎𝑡
          𝑇 < 𝑇𝑠𝑎𝑡 
(condensation process)  
(5) 
According to Sun et al. (2014), the value of r is recommended to be such as to maintain the 
interfacial temperature reasonably close to the saturation temperature, and to avoid divergence 
issues. 
The system is divided into regions where each region is specified with initial conditions; a 
small fraction of the volume, usually 5-10%, is specified to have an R134a vapor volume fraction 
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of 1, the remainder is saturated liquid R134a. The region surrounded by the cooling jacket has an 
initial temperature of 288 K. These initial conditions are chosen based on the physical experiment. 
The temperature of R134a in the loop at the location surrounded by the cooling jacket is initially 
colder than the rest of the loop, and is therefore set with a lower initial temperature of 288 K. 
A grid independence study was performed to ensure the numerical simulation is 
independent of the mesh size. Figure 3 plots the temperature of the top center (TC) and bottom 
center (BC) of the loop from 0 to 1000 seconds for two different mesh. Data series “TC” and “BC” 
are temperature readings from the 40,909-element mesh. For data series “TC fine” and “BC fine”, 
the max face size of the mesh was decreased to 0.5 mm instead of 1.0 mm, which resulted in 
171,304 elements (approximately 4 times as many as original mesh). Mesh quality data is shown 
in Table 1. 
Table 1: Mesh Quality, Initial and Fine Meshes for Numerical Simulation of NPCHP 
 Initial Mesh (Mesh 1) Fine Mesh (Mesh 2) 
Max Face Size (mm) 1.0 0.5 
Total Elements 40,909 171,304 (300% ↑) 
Min Orthogonal Quality 0.63 0.65 (3% ↑) 
Max Aspect Ratio 7.14 4.65 (35% ↓) 
Computational Time (using 7 cores) ~1 Day ~4 Days 
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Figure 3: Grid Independence Study on Temperature Distribution at Locations TC and BC for the 
Numerical Simulation of NPCHP 
For the first 400 seconds, the temperatures are very close between the two meshes at the 
TC location, and for the first 500 seconds at the BC location. At the TC, the temperature readings 
after 400 seconds are slightly different between the two meshes, but the average steady state 
temperature is the same. After 500 seconds, the temperature readings at the BC are slightly 
different between the two meshes. The temperature at the BC of the fine mesh increases slower 
than that of the initial mesh, but by 900 seconds reaches the same average steady state temperature 
as the initial mesh. Since the average steady state temperature at each location for the two different 
meshes are very close, and the paths are similar, the grids are independent. Table 2 shows the 
average steady state temperature for the two meshes at each location. Since the percent difference 
between the two meshes is less than 1%, and the computational time increases to 4 days, the 
increased computational time is not justified, and the initial grid sizing is used. 
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Table 2: Mesh Convergence Study Steady State Temperature at TC and BC Locations for Two 
Meshes used in NPCHP Numerical Simulation 
Mesh Elements TC Steady State Temperature (K) BC Steady State Temperature (K) 
40,909 309.75 303.76 
171,304 309.43 303.62 
Percent Difference 0.87% 0.46% 
 
In this case, the initial fill ratio is 95% liquid, the heat input is 200 W, and the convection 
coefficient at the condenser is 112 W/m2K.  The convection coefficient was calculated based on 
the theoretical amount of heat that is output through the condenser, and the condenser surface area. 
Figure 4 shows the temperature at four locations around the loop for the simulation and experiment. 
 
Figure 4: Comparison of Temperature Response in the NPCHP Numerical Simulation to the 
NPCHP Experiment with 200W Heat Input and 90% Fill Ratio at Four Locations: a. Before 
Condenser (T2), b. TC (T4), c. BC (T1), d. After Condenser (T11) 
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 Steady state temperatures are important because they are used in many of the analysis 
methods (for finding temperature drop and thermal conductivity). Figure 4 shows the temperature 
response is similar between the simulation and experiment. Table 3 lists the steady state 
temperatures at four locations around the loop for 200W, 250W, and 300W heat inputs. 
Table 3: Steady State Temperature Comparison Between Numerical Simulation and 
NPCHP Experiment with 200W, 250W, and 300W Heat Inputs  
Heat Input (W) Steady State 
Temperature 
T2 (K) T4 (K) T1 (K) T11 (K) 
200 Simulation 311.60 311.79 306.07 305.56 
Experiment 307.77 307.21 305.67 303.15 
Percent Difference 1.23% 1.47% 0.13% 0.79% 
250 Simulation 311.97 312.00 308.51 307.41 
Experiment 313.42 313.10 310.72 307.77 
Percent Difference 0.46% 0.35% 0.72% 0.12% 
300 Simulation 313.73 313.98 306.48 308.85 
Experiment 315.90 315.72 314.16 311.32 
Percent Difference 0.69% 0.55% 3.51% 0.80% 
 
While there are fluctuations in the data, it can be seen from Table 3 the maximum percent 
difference between steady state temperatures of the experiment and simulation is 2.51% for all the 
cases shown in Table 3. The experimental uncertainty associated with each temperature reading is 
0.42 K. The simulation values generally do not fall within this uncertainty but the simulation is 
still able to predict steady state temperature reasonably well given the assumptions made during 
modeling 
4. NPCHP Exhibits Characteristics of a Loop Thermosyphon 
There are several characteristics that classify heat transfer devices as heat pipes, with loop 
thermosyphons being a type of heat pipe where the flow of working fluid is driven by gravity and 
no wick structure is required. A heat pipe has a high effective thermal conductivity, which means 
it can transfer the same amount of heat, with a much smaller temperature difference between the 
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evaporator and condenser, than a solid metal rod of comparable size (Faghri, 2016). A heat pipe 
can transport large quantities of heat rapidly through a small cross-sectional area over a 
considerable distance with no additional power input to the system and can take in energy through 
a small surface area and transfer the same amount of energy out over a larger surface area. The 
ratio of thermal flux, the heat flux into the evaporator divided by the heat flux out through the 
condenser, is called the thermal flux transformation ratio and can be as large as 15 to 1 (Faghri, 
2016). We will demonstrate, through experimentation and numerical simulation, that the NPCHP 
exhibits the following characteristics: 
1. High effective thermal conductivity 
2. High heat transport capability 
3. Fast thermal response time 
4. High heat flux transformation ratio 
5. High heat flux 
4.1 High effective thermal conductivity 
A heat pipe has a high effective thermal conductivity, which means it can transfer the same 
amount of heat, with a much smaller temperature difference between the evaporator and condenser, 
than a solid metal rod of comparable size. 
The effective thermal conductivity, 𝑘𝑒𝑓𝑓, is the thermal conductivity a rod with the same 
diameter as the heat pipe would need to transfer the same amount of heat over the effective length, 
𝐿𝑒𝑓𝑓: 
𝐿𝑒𝑓𝑓 =
𝐿𝑒
2
+ 𝐿𝑎 +
𝐿𝑐
2
 
(6) 
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𝑘𝑒𝑓𝑓 =
𝐿𝑒𝑓𝑓?̇?𝑖𝑛
(𝑇𝑒,𝑎𝑣𝑒 − 𝑇𝑐,𝑎𝑣𝑒)𝐴𝑐
 
(7) 
 Based on experimental data, the nominal effective thermal conductivity is on the order of 
106 W/m∙K. This means that a metal rod of similar size would need a thermal conductivity on the 
order of 106 W/m∙K to transfer the same amount of heat as a NPCHP. Figure 5 shows the average 
steady state effective thermal conductivities for heat inputs ranging from 200W to 300W, in 50W 
increments for the numerical simulation and experiment. Error bars are added corresponding to 
the standard deviation of the experimental values. The highest effective thermal conductivity 
occurs for the highest heat input, which indicates the resistance to the flow of heat decreases with 
increasing heat input, and the device operates most effectively for the 300W heat input.  
 
Figure 5: Steady State Effective Thermal Conductivity of NPCHP with 90% R134a Fill Ratio 
for Experiment and Simulation with Heat Inputs of 200W, 250W, and 300W 
For comparison, the thermal conductivity of copper, which is a relatively high thermal conductivity 
metal, is 400 W/m∙K. The experimental effective thermal conductivity for a 200W heat input is 
over 6000 times larger than that of copper. This shows that the requirement for a heat pipe to have 
a high effective thermal conductivity is met by the NPCHP. 
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4.2. High heat transport capability 
 In this experiment, heat travels approximately 1.8m through a 9.37x10-5 m2 cross-sectional 
area pipe before reaching the cooling jacket. Therefore, the NPCHP transports large quantities of 
heat through a small cross-sectional area over a considerable distance with no additional power 
input to the system. 
Figure 6 shows the temperature response of the NPCHP measured at four different 
locations around the system to a heat input applied at the evaporator section. As seen in Fig. 6, the 
NPCHP reaches steady state for each of the three heat inputs shown, which means it is capable of 
transporting between 200 and 300W from the evaporator section to the condenser section. It can 
also be seen that the overall temperature is lower for lower heat inputs. 
 
Figure 6: Comparison of NPCHP Experiment Thermal Response Time for Heat Inputs of 200-
300W with 90% R134a Fill Ratio at a. Cond(i), b. TC (T4), c. BC (T1), d. Cond(o) 
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 The temperature drop between the evaporator and condenser section is an important 
characteristic to note, as one characteristic of a heat pipe is a small temperature drop between the 
heat source and the heat sink. Under steady state operation, heat is added to the evaporator at an 
average evaporator temperature, and the same quantity of heat is rejected at a lower average 
condenser temperature. The temperature drop is calculated as the difference between the average 
evaporator temperature and the average condenser temperature. Figure 7 shows the steady state 
temperature drop between the evaporator and condenser sections of the NPCHP. Steady state 
temperature drops are plotted for experiments and simulations with 200W, 250W, and 300W 
inputs and a 90% initial liquid fill ratio. Error bars are added corresponding to the standard 
deviation of the values obtained from the experiment. The steady state temperature drop increases 
slightly from the 200W heat input experiment to the 250W and 300W heat input experiments.  
 
Figure 7: Steady State Temperature Drop of NPCHP Experiment and Simulation with 90% 
R134a Fill Ratio for Heat Inputs of 200W, 250W, and 300W 
The temperature drop obtained from the numerical simulation follows the same trend as the 
experiment and fall within the error range from the experimental values. 
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4.3 Fast thermal response time 
 Thermal response time of a heat pipe is how fast the system responds to a heat input. Heat 
pipe thermal response time is based on the variation of heat pipe surface temperature in a transient 
analysis (Sarafraz et al., 2014). Figure 8 shows the thermal response of the NPCHP experiment to 
an applied heat input of 200W. The heat input is applied at t=0 seconds. The temperature around 
the loop begins to increase almost immediately, and increases steadily for the first 1000 seconds, 
when the temperatures begin approaching a steady value. This shows that the NPCHP experiment 
has a very fast thermal response time, as the temperatures change in response to the heat input 
almost immediately after the heat input is applied. The system reaches steady state operating 
conditions (temperature is no longer changing with time) after 2500 seconds for a heat input of 
200W. 
 
Figure 8: Thermal Response Time of NPCHP Experiment with 90% R134a Fill in Response to 
200W Heat Input 
The thermal response time of the NPCHP can be compared to a copper rod to determine if 
the NPCHP is an effective heat transfer device and show the speed at which the heat is transferred 
through the system. A numerical simulation was created to model heat transfer through a copper 
23 
 
rod. The rod is modeled as 2D with the same diameter as the NPCHP experiment, and length of 
2m, similar to the adiabatic length of the NPCHP (the distance between the heater and the cooling 
jacket, which is 1.8m). The temperature before the condenser inlet is used to compare the thermal 
response time of a copper rod because it is the farthest point on the adiabatic section of the pipe 
before the cooling jacket. Even though copper is a high thermal conductivity metal, it is expected 
that the temperature of the NPCHP at 2m from the heat source increases much faster than a point 
an equal distance from the heat source on the copper rod. This is because the effective thermal 
conductivity of a heat pipe is much larger than the thermal conductivity of metals, including 
copper. The heat is expected to be able to travel much faster and with less resistance through the 
NPCHP than copper rod. 
 The temperatures obtained from the copper rod simulation are recorded at 2m from the 
heater and compared to the temperature before the condenser inlet of the NPCHP experiment. 
Figure 9 shows the copper rod simulation geometry. 
 
 
Figure 9: Copper Rod Numerical Simulation Geometry for Comparison with NPCHP 
Experiment Thermal Response 
Figure 10 shows the temperature at the condenser inlet (T2) increases much faster than the 
temperature 2m from the heat source on a copper rod, which increases about 1K in the 2000 
seconds the simulation was run. 
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Figure 10: Thermal Response Time of Copper Rod Simulation Compared to NPCHP 
Experiment with 90% R134a Fill Ratio and 200W Heat Input at the Condenser Inlet 
The thermal response time of the NPCHP is much faster than that of the copper rod for a 
point at the same distance from the heat source, which is the expected result. Therefore, the 
NPCHP is capable of transferring heat much more rapidly than a comparably sized rod made of a 
high thermal conductivity metal. 
4.4 High Heat Flux Transformation Ratio 
 Another characteristic of a heat pipe is that it can take in energy from a small surface area 
and transfer that energy out over a large surface area. The ratio of heat flux, which is the heat flux 
into the evaporator divided by the heat flux out through the condenser, is called the thermal flux 
transformation ratio and can be as large as 15 to 1. In the NPCHP experiment, thermal flux 
transformation ratio is calculated to be approximately 11. Therefore, the NPCHP experiment takes 
in energy through a small surface area and transfers energy out through a large surface area, thus 
exhibiting another characteristic of a heat pipe.  
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The heat transfer in a NPCHP can be described by a cycle as follows: there is a heat input 
to the evaporator section, a relatively constant working fluid temperature between the evaporator 
and condenser, a heat output from the condenser section, and a relatively constant working fluid 
temperature between the condenser and evaporator. This cycle is shown in Fig. 11. 
 
Figure 11: Thermodynamic Cycle of the NPCHP at Steady State Operating Conditions After 
Initial Startup Period 
The relatively constant temperature between the evaporator and condenser section (in 
either direction) can be shown experimentally and from the simulation. Figure 12 shows the steady 
state temperature at different locations around the loop for three different heat inputs (200W, 
250W, and 300W) for a 90% R134a liquid fill ratio. As seen in Fig. 12, the temperature of the 
working fluid from the evaporator to condenser is near constant with maximum fluctuations of 
0.3K for the experiment and 1.2K for the numerical simulation. There are larger fluctuations in 
temperature from the condenser to the evaporator with a maximum temperature difference of 1.5K 
for both the experiment and numerical model. 
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Figure 12: Steady State Temperatures Around NPCHP Experiment and Numerical Simulation 
(bolded) for Heat Inputs of a. 200W, b. 250W, c. 300W 
This data shows that the NPCHP can take in energy through a small surface area (evaporator) and 
transfer the energy out over a larger surface area (condenser). 
4.5 High Heat Flux 
 Another characteristic of a heat pipe is a high heat flux, which is the amount of heat 
transferred per unit area. Maximum radial heat flux at the evaporator, the maximum heat 
transferred into the heat pipe per unit surface area of the evaporator, is calculated using 
(Wannapakhe et al., 2009): 
𝑞𝑟,𝑚𝑎𝑥 =
?̇?𝑚𝑎𝑥
𝐴𝑠
 
(8) 
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The heat flux into the evaporator is compared to the heat flux out through the condenser to 
determine the heat flux transformation ratio. The maximum heat flux measured in the experiment 
is 230,361 W/m2. This value was compared to data from existing heat transfer devices (Faghri, 
2016) based on the effective length of the heat pipe. Results are shown in Fig. 13. 
 
Figure 13: Heat Pipe Heat Flux as a Function of Effective Length Compared Between NPCHP 
and Experimental Data for Other Heat Transfer Devices* 
*Note: This includes different types of heat pipes, heat pipes made from various materials, and 
using different working fluids 
 
While there is scatter in the results shown in Fig. 13, the data point for the NPCHP lies well above 
the remainder of the data. This shows that the heat flux in the NPCHP is greater than that of existing 
heat transfer devices when analyzed as a function of heat pipe effective length. The NPCHP 
therefore can be said to have a high heat flux and exhibits another characteristic of a heat pipe. 
5. Effect of Fill Ratio 
The experiment has been tested with fill ratios ranging from 25% to 99%. The working 
fluid used in all the experiments is R134a. After running the experiment with fill ratios of 25-99% 
relative to the total volume of the pipe while removing working fluid in increments of 
approximately 5% between experiments, it was determined that the 99% fill ratio experiment is 
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not able to reach steady state at a heat input of 200 W. The maximum heat input at which each fill 
ratio experiment was able to reach steady state is listed in Table 4. Based on these results, the 
experiments with fill ratios of 70-75% can transfer the most heat. 
Table 4: Maximum Heat Input at which Each Fill Ratio Experiment Can Reach Steady State 
with R134a as Working Fluid 
Fill Ratio (% relative 
to total loop volume) 
Maximum Heat Input at which Steady State is 
Reached 
99% Not able to reach steady state at 200W heat input 
95% 200W 
90% 300W 
85% 300W 
80% 300W 
75% 325W 
70% 325W 
65% 300W 
60% 300W 
55% 300W 
50% 300W 
45% 300W 
40% 300W 
35% 300W 
30% 250W 
25% Not able to reach steady state at 200W heat input 
  
The pressure changes within the system in response to a heat input with varying fill ratios 
corresponding to the previously mentioned experiments were studied. For the experiments 
discussed below, the pressures at the TC and BC location were plotted. Each plot also contains the 
saturation pressure corresponding to the temperature recorded at the given location. The pressure 
results for the 95% fill ratio experiment are shown in Fig. 14. The 99% and 95% fill ratio 
experiment are the only experiments where the system reached the fully filled condition and 
became single phase. The fully filled condition is defined as the condition when the working fluid 
within the loop expands to fill the entire volume, and volume expansion is limited. This was 
determined by the large spike in pressure, as shown in Fig. 14 for the 95% experiment, which 
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indicates when volume expansion is limited, since any increase in temperature after the working 
fluid expands to fill the pipe results in a significant increase in pressure. The 95% experiment 
reached steady state at 200W. Then, the heat input was increased in increments of 10W, and 
allowed to reach steady state, until 260W when the pressure began to rise steeply. At this point, 
the heating element was shut off, as indicated by the “0W” label on Fig. 14. 
 
Figure 14: Pressure Response to Heat Input at a. TC (T4), b. BC (T1) for 95% R134a Fill Ratio 
and Heat Inputs from 200-260W 
It can be seen in Fig. 14a that the pressure, after about 8000 seconds, begins to rise above 
the saturation pressure at the TC (T4) location. This indicates the working fluid is in the 
compressed liquid phase, rather than a saturated vapor or liquid-vapor mix. When the filly filled 
state is reached, volume expansion is limited. Therefore, any additional increase in temperature is 
accompanied by a rapid rise in pressure, as shown in Fig. 14. Figure 14b shows the saturation 
pressure and system pressure at the BC location. The system pressure is always greater than the 
saturation pressure, indicating the working fluid is always a compressed liquid at the BC location. 
The 99% fill ratio experiment exhibited similar characteristics with a steep pressure rise occurring 
before the system was able to reach steady state for a 200W heat input. This indicates the 99% fill 
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ratio experiment reaches the fully filled condition earlier, as expected. The 99% and 95% 
experiments operate as TPLTS until the system becomes fully filled and is no longer able to operate 
due to the significant pressure rise.  
 The pressures at the flow/heater and BC locations are plotted for the 55% fill ratio 
experiment in Fig. 15. As seen in Fig. 15, the saturation pressure is equal to or slightly greater than 
the system pressure at the heater/flow location. This indicates the working fluid is vapor or liquid 
vapor mix just after the heater. However, at the BC location, the system pressure is greater than 
the saturation pressure, indicating that the working fluid at the BC of the loop is a liquid. With 
lower fill ratios, including the 55% fill ratio, the NPCHP operates as a TPLTS. 
 
Figure 15: Experimental Pressure Data of 55% R134a Fill Ratio with Heat Inputs of 200-300W  
 Based on experimental data, the experiments with fill ratios of 95-99% reach single phase 
since the system pressure is greater than the saturation pressure at all locations when a high enough 
heat input is applied (250W for the 95% fill ratio experiment and 200W for the 99% experiment). 
The experiments with fill ratios less than 95% are two-phase. The system pressures for these fill 
ratio experiments at the heater location are less than or equal to the saturation pressure, indicating 
vapor or liquid-vapor mix, and the system pressure at the BC location is greater than the saturation 
pressure meaning the working fluid is a compressed liquid. Therefore, the only experiments where 
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the phase change is inhibited are the 95-99% experiments when sufficient heat is applied to the 
system. 
These experimental results agree with theoretical predictions based on volume expansion 
and initial experimental conditions. The NPCHP is initially filled with a predetermined amount of 
working fluid. As the temperature of the working fluid increases, it expands to fill the entire pipe 
(if the initial fill ratio and heat input are high enough). According to Lee et al. (2010a, 2010b) the 
working medium inside the NPCHP comes to a fully filled state under a certain heating condition. 
In this state, the volume expansion and the phase change of the working medium in the pipe caused 
by temperature rise is restrained. Table 5 shows the volume expansion coefficients corresponding 
to the specific temperature and pressure of each experiment that was run ranging from 80-95% fill 
ratios. The temperature change required to fill the entire pipe is calculated and added to the initial 
temperature of the working fluid to determine the temperature the working fluid inside the 
experiment must reach to fully fill the pipe.  
Table 5: Volume Expansion Coefficients and Temperature Increase Required to Reach Fully-
Filled State 
Fill Ratio α (1/K) Tinitial (K) ΔT (K) Tfinal (K) 
95% 3.670x10-3 292.71 14.34 307.05 
85% 4.683x10-3 290.40 37.69 328.09 
80% 4.589x10-3 289.22 54.48 343.70 
 
 The R134a within the loop should remain below 50oC (323K), as required by the safety 
data sheet. This means that the fully filled state can be reached for fill ratios of 95% or greater, 
which agrees with the experimental results obtained by comparing saturation and system pressures 
discussed previously. 
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6. NPCHP Working Mechanisms 
The following analysis is presented for a NPCHP where the fill ratio is high enough that 
the system reaches the fully filled state. This fill ratio was determined to be 95% or greater for 
R134a as the working fluid, depending on the heat input. Pressure transducer locations are shown 
in Fig. 2. A graph of the pressure response is shown in Fig. 14 for an initial fill ratio of 95%. For 
fill ratios greater than or equal to 95%, but less than 100%, the working fluid is initially two-phase. 
Figure 14 shows the pressure response to heat inputs of 200-250W for a 95% liquid fill experiment. 
Before heat is applied, the working fluid is liquid in the lower section of the loop, and saturated 
vapor in the space at the top of the loop. As heat is added to the system, vapor bubbles are generated 
at the evaporator and rise to the top of the loop and to the condenser where they are condensed 
back into a liquid and release their latent heat. While the working fluid in the system is two-phase, 
the NPCHP operates as a TPLTS. When the system reaches the fully filled condition, i.e. all the 
working fluid is in the liquid phase and has expanded to completely fill the pipe, the pressure 
within the system begins to increase significantly. This occurs for the 250W heat input in the 95% 
fill ratio experiment, as shown in Fig. 14. The system is not able to operate once it reaches the 
fully filled condition due to the rapid increase in pressure. Therefore, only low heat inputs (200W 
or less) which do not allow the system to reach the fully filled condition are achievable for high 
fill ratio experiments where the working fluid can expand to fill the entire pipe.  
For fill ratios lower than 95%, the system operates as a TPLTS. Not enough liquid fills the 
loop initially for the liquid to expand to fully fill the pipe without exceeding the maximum 
allowable temperature of the system. The heat transfer is achieved through release of latent heat 
as the working fluid is condensed into a liquid. Figure 15 shows the 55% fill ratio experiment 
where the system operates as a TPLTS. The system pressure is slightly lower than saturation 
pressure at the heater, indicating the working fluid is vapor. At the BC of the loop, after the 
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condenser, the saturation pressure is greater than the system pressure, indicating a compressed 
liquid at this location before again reaching the evaporator and transforming into a vapor.  
The phases present throughout the experiment depend on the initial fill ratio and heating 
conditions. The NPCHP operates as a TPLTS for fill ratios less than 100% until the device reaches 
the fully filled condition and is no longer operational due to a rapid pressure rise, or a TPLTS if 
the fill ratio is not high enough for the liquid to expand to fill the entire pipe. 
7. Conclusions 
The NPCHP, as proposed by Lee et al., (2010a, 2010b) is not a new type of heat pipe, but 
exhibits characteristics of a TPLTS, and can be classified as such.  
1. Before reaching the fully filled condition, or if the fill ratio is not high enough to 
reach the fully filled state from volume expansion, the NPCHP operates as a 
TPLTS. If the system reaches the fully filled condition, it can no longer operate. 
2. The NPCHP has a high nominal effective thermal conductivity that is over 6000 
times larger than that of copper. The NPCHP can transfer the same amount of heat, 
with a much smaller temperature difference between the evaporator and condenser, 
than a solid metal rod of comparable size. 
3. The NPCHP can transport large quantities of heat through a small cross-sectional 
area over a considerable distance with no additional power input to the system with 
a small temperature drop. 
4. The NPCHP has a fast thermal response time. A simulation of heat transfer through 
a copper rod is used to show that the NPCHP can transfer heat much faster than a 
high conductivity metal (copper). 
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5. The NPCHP can take in energy through a small surface area and expel the same 
amount of energy over a large surface area. The NPCHP has a thermal flux ratio 
between the heater and cooling jacket of approximately 11. 
6. The NPCHP has a high heat flux on the order of 105 W/m2, which is comparable to 
existing heat pipes of different types and material with similar effective length.  
More experimental and numerical validation are needed to prove the effects of changing 
different system parameters of the NPCHP. Additional effort is needed to determine effects of 
changing heat input, working fluid, orientation in the gravitational field, and location of the heat 
source relative to the heat sink.  
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Chapter 2: Experimental Investigation on Loop Thermosyphon 
Thermal Performance with Flow Visualization 
1. Introduction 
A heat pipe is a highly effective and well-established device which transfers a large amount 
of heat from one location to another. The components of a conventional heat pipe are the wick, 
outer wall, and working fluid, which flows through the three main sections of the heat pipe: 
evaporator, adiabatic section, and condenser (Faghri, 2016). A diagram of a conventional heat pipe 
is shown in Fig. 16a (Boothaisong et al., 2015). There is a small temperature drop between the 
evaporator and condenser section of the heat pipe, referred to as the adiabatic section, where the 
heat pipe operates nearly isothermally (Faghri, 2017). Heat is applied externally to the evaporator 
section and vaporizes the fluid in the saturated wick, which is driven by the vapor pressure through 
the adiabatic section to the condenser where it condenses and releases its latent heat, then is 
returned to the evaporator by capillary action of the wick (Faghri, 2012; Poplaski et al., 2016). The 
main driver of heat transfer in the conventional heat pipe is phase change and the wick. There are 
several different types of heat pipe depending on the application, including: conventional heat 
pipes, loop heat pipes (LHP), pulsating heat pipes (PHP), and thermosyphons, which can also be 
broken up into conventional thermosyphons and single- and two-phase loop thermosyphons. A 
conventional heat pipe reliant on phase change has several limits. These limits include the viscous, 
sonic, capillary, entrainment, flooding, and boiling limits. Challenges and opportunities of heat 
pipes are discussed by Faghri (2014). Heat pipe analysis and numerical simulation covering all 
types of heat pipes with various levels of approximation is reviewed by Bergman & Faghri (2017). 
A two-phase conventional thermosyphon (TPCTS), a schematic of which is shown in Fig. 
16b, is sometimes referred to as a gravity assisted heat pipe and consists of an evaporator and 
condenser. There is no wick in TPCTS because the force of gravity drives the fluid flow. The 
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liquid and vapor occupy a single straight tube and the flow is counter-current. The heat input to 
the evaporator vaporizes the working fluid, which then flows up to the condenser. The working 
fluid is then condensed back into a liquid in the condenser section, releases its latent heat, and 
drains back down the walls to the evaporator.  
 
Figure 16: Diagrams of a. Conventional Heat Pipe b. Two-phase Conventional Thermosyphon c. 
Two-phase Loop Thermosyphon c. Single-phase Loop Thermosyphon Showing the Flow of 
Liquid and/or Vapor 
Due to the counter-current flow of the liquid and vapor, the thermosyphon performance is 
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limited by the flooding limit. This occurs when working fluid temperature is low, and vapor 
velocity is high. The shear of the vapor traveling to the condenser prevents liquid film on the wall 
from traveling back to the condenser. The conventional thermosyphon is also subject to the dry-
out limit. This occurs when the fill charge ratio is too small and the condensate film eventually 
dries out (Park et al., 2002). Thermosyphon performance has been studied extensively, varying 
several parameters including: working fluid, fill ratio, heat input, and orientation. For conventional 
thermosyphons, fill ratio is usually described as volume of working fluid relative to the volume of 
the evaporator. The fill ratio is sometimes also reported as volume of working fluid relative to the 
total thermosyphon volume. For the experiment discussed, fill ratio is the percentage of volume 
filled with respect to the total volume of the loop. Smith et al. (2016) tested several fill ratios 
between 50% and 150% of the evaporator volume and reported the optimal fill ratio to be 100% 
(the evaporator is initially entirely filled with working fluid), in their case water was used. 
The two-phase loop thermosyphon (TPLTS), a general schematic of which is shown in Fig. 
16c, consists of an evaporator, riser, condenser, and downcomer. Heat input to the evaporator 
section vaporizes the working fluid (Zhang et al., 2015). The vapor (or liquid-vapor mix, 
depending on the initial fill ratio) then flows up the riser to the condenser where it is condensed 
back into a liquid. The flow in the TPLTS is co-current, with liquid and vapor flowing in the same 
direction around the loop. The liquid phase (or liquid-vapor mix, depending on the initial fill ratio) 
flows down the downcomer back to the evaporator. The flow of liquid is driven by the density 
difference of the lower temperature fluid coming from the condenser and the higher temperature 
lower density flow from the evaporator (Khodabandeh, 2005). The TPLTS has no flooding limit. 
Some TPLTS have wicks in the evaporator and some do not. However, the TPLTS operates more 
effectively with wick structures in the evaporator than without (Kang et al., 2010). The TPLTS 
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relies on gravity for the flow of working fluid, and the heat transfer relies on the heat of 
vaporization.  
Several key parameters that influence the performance of the TPLTS are: heat input, 
internal tube diameter, distance between evaporator and condenser, length of heat input zone, 
thermo-physical properties of working fluid, operating pressure, and volumetric filling ratio 
(Franco et al., 2012). For low fill ratios, there is no liquid in the riser (section through which vapor 
flows to the evaporator), and for high fill ratios, generally greater than 100% relative to the 
evaporator volume, there is a mixture of liquid and vapor in both the riser and the downcomer 
(section connecting the condenser to the evaporator through which the condensed working fluid 
flows) (Tong et al., 2016). The TPLTS relies on gravity for the flow of working fluid, and the heat 
transfer relies on the heat of vaporization.  
The ideal fill ratio depends on the boiling point and latent heat of the fluid being used. For 
low fill ratios, dry-out may occur for the system with wick structure (Kang et al., 2010). The 
amount of working fluid is chosen such that the liquid builds up in the downcomer below the 
condenser, thus generating hydrostatic head in the evaporator. When water is used as the working 
fluid, optimal fill ratios of 30% were reported by Kang et al. (2010), Chehade et al. (2014) 
determined the optimal fill ratio to be between 7% and 10% relative to the total loop volume, and 
Chang et al. (2012) reported an optimal fill ratio of 50% relative to the evaporator volume. Several 
other working fluids have been tested in TPLTS and the optimal fill ratios were determined. 
According to Kang et al., (2010) the ideal fill ratio is 10% with methanol as the working. Naresh 
& Balaji (2018) studied the effect of fill ratio on performance of the TPLTS and concluded the 
optimal volume of R134a as the working fluid is 50% relative to the volume of the evaporator.  
Park et al. (2002) studied a TPLTS with FC-72 as the working fluid, and concluded that a 10% fill 
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ratio resulted in dry-out, and a 50% fill ratio resulted in flooding, therefore the optimal fill ratio is 
between those two values. Fu et al. (2015) reported the fill ratio should be between 30-80% of the 
total loop volume with ammonia as the working fluid. Values less than 30% resulted in dry-out 
and values greater than 80% resulted in flooding. Beitelmal & Patel (2002) report optimal charge 
amounts to be between 10% and 15% PF-5060 relative to the total volume available in the 
evaporation chamber. Based on the literature review discussed above, it is clear the optimal fill 
ratio varies greatly depending on the working fluid and other system parameters, including size of 
the evaporator relative to the remainder of the loop. 
The third type of thermosyphon is the single-phase loop thermosyphon (SPLTS) which is 
also sometimes referred to as single-phase natural circulation loop, a general schematic of which 
is shown in Fig. 16d. The basic structure is the same as that of a TPLTS where there is an 
evaporator section that heats the working fluid, a pipe connects the evaporator to the condenser 
(riser), the condenser cools the working fluid, and another pipe connects the condenser to the 
evaporator (downcomer) through which the working fluid flows back to the evaporator. The flow 
is driven by the hydrostatic pressure difference that results from the temperature gradient and 
resulting density gradient from the evaporator to the condenser. Fluid motion is generated by 
density differences in the due to temperature gradients generated by the evaporator and condenser 
(Lu et al., 2014). The motion is governed by the balance of the opposite effects of buoyancy (due 
to the different fluid densities in the ascending (warm) and descending (cold) sections), and friction 
(Maiani et al., 2003). Generally, the heat sink is above the heat source to enhance the circulation 
rates (Vijayan, 2002). A disadvantage of the SPLTS is that interaction between buoyancy and 
frictional forces can be unstable. There is also an expansion tank shown in Fig. 16d which may be 
present in a SPLTS which may be present in a SPLTS to accommodate the volume expiation of 
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working fluid as temperature increases. 
The single-phase LTS studied by Dobson & Ruppersberg (2007) also has an expansion 
tank into which excess fluid flows as a result of thermal expansion. The expansion tank serves to 
ensure the pressure in the tank does not get too high. Pilkhwal et al. (2007) also used an expansion 
tank in their experiment to allow for the expansion of working fluid (in this case water). Naveen 
et al. (2015) explain the expansion tank is necessary to vent the air out during the loop filling, and 
to accommodate the swells and shrinkages of the fluid within the loop during transient operation. 
Typically, the SPLTS is fully filled with liquid working fluid. 
The NPCHP was proposed by Lee et al. (2010a, 2010b) as a new heat pipe. However, it 
was shown in a previous effort by the present authors (Kloczko et al., 2019) that the NPCHP is a 
loop thermosyphon and can operate as either a single- or two-phase loop thermosyphon depending 
on liquid fill ratio and working fluid. The purpose of this effort is to perform a detailed 
experimental analysis with the goal of determining effects of heat input, fill ratio, working fluid, 
and inclination angle on the thermal performance in loop thermosyphons. Flow visualization is 
incorporated to study how changing the system parameters mentioned previously affects the 
liquid/vapor flow through the loop. 
2. Experiment Setup 
The loop thermosyphon experiment consists of a loop of stainless-steel pipe filled with 
working fluid.  Experiments are run using two different working fluids, water and R134a. The 
amount of working fluid in the system is varied between 25-100% relative to the total volume. A 
diagram of the experiment is shown in Fig. 17. The evaporator section (1), consists of three AC 
110V 100-300W 2 Wire Mold Cartridge Heater Pipe Heating Elements (12mm x 80mm). A 
pressure release valve (2) is added to release pressure from the system if it increases above 350 
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psi. Fluid release and fill valves (3) are used to add and remove working fluid from the system. 
The condenser section of the loop thermosyphon consists of a cooling jacket (4) surrounding a 
section of the pipe. Cold water (5oC), which is cooled by two LAUDA Alpha RA8 water coolers 
(5), flows through the cooling jacket. Heat is transferred out of the system into the cooling water. 
The flowmeter (FL-3440ST) (6) is used to adjust the flow rate of the cooling water moving through 
the cooling jacket. The variable automatic transformer (Staco Energy Products Co 3PN1510) (7) 
adjusts the power supplied to the heating element. The digital wattmeter (Vector-Vid WD-767) (8) 
reads the value of power supplied to the heating element.  
 
Figure 17: Loop Thermosyphon Experimental Setup 
The entire pipe is insulated with one layer of 1” thick ceramic fiber insulation. The heating 
element is surrounded by three layers of insulation. The pipe material is stainless steel with outer 
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and inner diameters of 12.7 mm and 10.9 mm, respectively. The overall height and width of the 
pipe are 1.465 m and 0.395 m, respectively. There are three flow visualization windows at different 
locations around the loop as shown in Fig. 17. One flow visualization window is located just after 
the heating element, labeled “window 1” to view bubble formation. The second window is located 
at the top right of the loop, labeled “window 2”. This window helps determine if the working fluid 
is circulating. The third window is located after the condenser and shows the phase of the working 
fluid just after the coldest portion of the loop, labeled “window 3”. The flow visualization windows 
consist of 5” borosilicate glass tubes fitted to the stainless steel pipe using Swagelok fittings with 
PTFE ferrules and are supported by a piece of aluminum. A schematic of the flow visualization 
windows is shown in Fig. 18. The flow is circulating counter-clockwise around the loop and 
gravity is acting in the direction indicated in Fig. 17. 
 
Figure 18: Flow Visualization Window 
K-type thermocouples and pressure transducers (Digi-Key P51-500-A-A-I36-5V-000-000 
500 Psia 1/4NPT 5V) are placed at multiple locations around the loop. Instrumentation locations 
are shown in Fig. 17. The temperatures just before and after the heating element and just above 
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and below the condenser, cond,i and cond,o respectively, are used to calculate the thermal 
conductivity and thermal resistance of the system. Thermal response time of the system to a heat 
input can be observed by plotting temperatures at various locations with time.  
 Thermocouples T1-5, T10, T11, and T14 are placed on the outside of the pipe. T10 
measures the temperature just before the evaporator, T5 is the temperature just above the 
evaporator, T4 is the top center (TC) temperature, T2 and T11 are the temperatures before and 
after the condenser, respectively, and T1 is the bottom center (BC) temperature. T8-9 and T6-7 are 
the cooling water inlet and outlet temperatures, respectively. T12 measures the temperature of the 
working fluid inside the pipe. T13 measures the temperature of the heating element. 
 The uncertainty in the pressure transducers is 0.5%. The uncertainty in the temperatures 
recorded by the K-type thermocouples is determined by calibrating the thermocouples with 
constant temperature baths. The thermocouple uncertainty is calculated to be ±0.42 K. Uncertainty 
in heat input is ±1 W. The equation for thermal resistance was used to calculate error propagation, 
the error values in thermal resistance at heat inputs of 100, 150, 200, 250, 300, and 350 W are 
approximately ±0.0063, 0.0037, 0.0026, 0.0021, 0.0017, and 0.0015 K/W. These values vary 
slightly for each experiment depending on fill ratio and working fluid. 
3. Effects of Changing Fill Ratio 
 Two different working fluids were used, R134a and water. All fill ratio experiments were 
conducted with the experiment oriented vertically with the evaporator located below the condenser 
on opposite sides of the loop. 
3.1 R134a as the Working Fluid 
Fill ratios of 100-25% of the total loop volume have been tested, while removing R134a in 
increments of approximately 5%. The 100% fill ratio was run with a 200W heat input and reached 
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the maximum allowable temperature quickly. Therefore, results are not shown. Results for thermal 
resistance and experimental trends are summarized in Table 6. The 95% is the only fill ratio 
experiment with R134a as the working fluid where the system reached the fully filled condition. 
This occurs when the working fluid temperature increases such that the liquid expands to fill the 
entire pipe. This was determined by the large spike in pressure, as shown in Fig. 19a and Fig. 19b, 
and the lack of vapor bubbles in the flow visualization windows.  
 
Figure 19: Experimental Pressure Response to Heat Input for LTS at a. TC (95% R134a, 
200-260W), b. BC (95% R134a, 200-260W), c. TC (90% R134a, 200-275W), d. BC (90% 
R134a, 200-275W) 
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As seen in Fig. 19a and Fig. 19b, there is a very small amount of time during which the 
pressure begins to increase steeply. As soon as this trend is noticed, the heating element is shut off 
so as not to exceed the maximum pressure and damage the experiment. This significant pressure 
rise is a result of the system becoming fully filled with liquid. It can be seen in Fig. 19a that the 
pressure, after about 8000 seconds, begins to rise above the saturation pressure at the TC location. 
This indicates the working fluid is in the compressed liquid phase. When the filly filled state is 
reached, volume expansion is limited. Therefore, any additional increase in temperature is 
accompanied by a rapid rise in pressure, as shown in Fig. 19a and Fig. 19b.  
 Experimental data for the 90% fill ratio is shown in Fig. 19c and Fig. 19d. As seen in Fig. 
19c, while there is fluctuation in the system pressure, the system pressure does not noticeably 
exceed the saturation pressure at the TC location. This, along with the observation that there are 
still vapor bubbles in the flow visualization windows throughout the experiment, shows the 90% 
fill ratio experiment does not reach the fully filled condition and operates as two-phase for heat 
inputs up to 275W with R134a as the working fluid. 
 Similar trends are observed for the 85-25% fill ratio experiments. The maximum amount 
of heat the system was able to transfer without exceeding maximum system temperature and 
pressure varies by fill ratio and is listed in Table 6. Experiments with 75% and 70% were able to 
operate and reach steady state at the highest heat input of 325W. The experiment with initial fill 
ratio of 30% was able to reach steady state for heat inputs up to 250W. After the 300W input is 
applied to the 30% fill ratio experiment, the temperature just after the heating element begins to 
rise rapidly and the heating element is shut off to prevent the system from surpassing the maximum 
allowable temperature. Results from the 30% fill ratio experiment are shown in Fig. 20. The 25% 
fill ratio experiment was not able to reach steady state for a heat input of 200W. The same trend 
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occurred as is seen in Fig. 20 where the temperature just after the heating element began to increase 
very rapidly. This indicates that the fill ratio of 25% is too low to transfer 200W of heat from the 
heating element to the condenser.  
 
Figure 20: Experimental Temperature Response to Heat Inputs of 200-300W for Fill Ratio of 
30% R134a 
 It can be concluded that, with the current experimental conditions and parameters, only the 
95% R134a fill ratio experiment reached the fully filled condition where all the working fluid is 
liquid. However, due to the large spike in pressure when this condition is achieved, the experiment 
is not able to operate at the fully filled condition. The 95% experiment operates as a two-phase 
loop thermosyphon (TPLTS) until reaching the fully filled condition. However, the 90-30% fill 
ratio experiments operate as TPLTS throughout the experiment until the maximum heat input, as 
discussed above, is reached.  
Figure 21a shows the thermal resistance with varying fill ratio and heat input for the 
experiments discussed above, with error bars associated with the error propagation discussed 
previously. Thermal resistance for each fill ratio and heat input are summarized in Table 6. It can 
be seen from Fig. 21a that the thermal resistance increases with increasing heat input, indicating 
47 
 
lower heat input experiments operate more effectively with R134a as the working fluid. There is 
no clear trend in thermal resistance with varying fill ratio. This may be because the range of heat 
inputs tested was not adequate to show trends with changing fill ratio. Figure 21b shows the 
experimental temperature drop, the difference between the average evaporator and average 
condenser temperatures for varying fill ratios and heat inputs. Temperature drop is highest for 
higher heat inputs, but there is no clear trend with respect to fill ratio. 
 
Figure 21: Experimental a. Thermal Resistance and b. Temperature Drop with Varying 
Fill Ratio and Heat Input with R134a as Working Fluid for a Loop Thermosyphon 
The lowest thermal resistance and temperature drop occurs for the 80% and 75% fill ratios, 
followed closely by 40%, indicating that a fill ratio between 75-80% or 40% R134a is ideal for the 
current experimental set-up.  
 Pictures and videos were taken throughout experiments at each of the flow visualization 
windows to observe flow trends. Figure 22 shows pictures taken during the 95% fill ratio 
experiment. Initially, vapor bubbles are generated just after the heating element, as shown in Fig. 
22a from window 1. The bubbles then rise to window 2, where they are slightly larger, more 
uniform, and more spaced out (Fig. 22b) than in window 1. As time passes, the rate at which the 
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vapor bubbles are generated and flow through windows 1 and 2 increases, and the size of the vapor 
bubbles decreases. As shown in Fig. 22c the bubbles in window 1 are smaller than in the beginning 
of the experiment (Fig. 22a). The same trend can be noted in Fig. 22d where the bubbles are smaller 
and closer together than they were in Fig. 22d for the flow through window 2. 
 
Figure 22: Flow Visualization for Experiment with Fill Ratio of 95% R134a and 200W Heat 
Input at a. Window 1 at Startup, b. Window 2 at Startup, c. Window 1 at Steady State, d. 
Window 2 at Steady State  
 As the 95% fill ratio experiment approaches the fully filled condition, the vapor bubbles 
grow continually smaller and rise faster until there is no longer any vapor in the system. No pictures 
of the flow through window 3 are shown since the flow remains a liquid at this location throughout 
the experiment. 
 When the fill ratio is decreased to 90%, slightly different trends are observed. Initially, as 
shown in Fig. 23a, small bubbles are generated from the evaporator section. These bubbles rise 
and merge to form large bubbles in window 2, as shown in Fig. 23b. As time progresses, the speed 
at which the bubbles are generated and flow through windows 1 and 2 increases. The size of the 
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bubbles passing through window 2 increases. Figure 23c shows the beginning of a large vapor 
bubble flowing through window 2, and Fig. 23d shows the tail end of the same bubble where the 
flow is disturbed by the high velocity of the vapor. There is also a pulsation phenomenon present 
in the 80-90% fill ratio experiments. There are several seconds where no vapor is present in either 
window 1 or 2, then a set of bubbles will flow through the windows, followed by another time 
segment of no bubbles. Presence of pulsation phenomenon for varying fill ratio and heat input are 
summarized in Table 6. No pictures of the flow through window 3 are shown since the flow 
remains as a liquid at this location for the 90% fill ratio experiment. 
 
Figure 23: Flow Visualization for Fill Ratio of 90% R134a at a. Window 1 at Startup for 200W 
Heat Input, b. Window 2 at Startup for 200W Heat Input, c. Window 1 at Steady State for 250W 
Heat Input, d. Window 2 at Steady State for 250W Heat Input 
 Similar trends are observed for the 85-30% fill ratio experiments as in the 90% fill ratio 
experiment. However, in the experiments with fill ratios of 85% or less, vapor is present in window 
3. Presence of vapor in window 3 (just after the condenser) is summarized in Table 6 for the 
varying fill ratios and heat inputs. As the temperature of the system increases and fill ratio 
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decreases, more vapor appears in window 3. Figure 24a shows window 3 for the 85% fill ratio 
experiment contains less vapor bubbles than for the 80% fill ratio experiment, shown in Fig. 24b. 
There is also oscillation phenomenon noticed at window 3. The vapor bubbles will be seen in the 
window as traveling downward, then flow back up towards the top of the loop, then there will be 
a couple seconds where there is no vapor present in window 3 and the process repeats. This occurs 
for the 85-70% fill ratio experiments.  
 Another noticeable difference in fill ratio trends is in the 65% fill ratio experiment. In 
window 3, after 300W of heat is applied, there are no vapor bubbles, but instead the interface 
between liquid in the lower portion of the experiment and the vapor in the upper portion of the 
experiment is oscillating in this region, as seen in Fig. 24c.  
 
Figure 24: Flow Visualization of Window 3 with a. 85%, b. 80%, c. 65% Fill Ratios R134a  
When fill ratio decreases below 60%, the liquid-vapor interface is no longer visible in 
window 3. Instead, liquid drains down the walls after the condenser. As heat input increases, the 
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speed of the liquid draining down the wall increases. For fill ratios less than 55%, the only liquid 
present in window 2 is a thin stream draining down the walls. For fill ratios of 30% or less, there 
is no liquid present in window 1. A thin stream of liquid is present in window 2, and a thicker 
stream of liquid is present in window 3. When 300W of heat is applied to the 30% fill ratio 
experiment, the thin stream of liquid in window 2 disappears. This corresponds to the point when 
the temperature after the heating element begins to increase rapidly and the working fluid is no 
longer able to circulate through the loop. 
Table 6: Effects of R134a Fill Ratio (% Relative to Total Loop Volume) on Experimental 
Performance of a Loop Thermosyphon 
Fill 
Ratio 
 200 W 250 W 300 W 325 W 
95% Single- or Two-phase? Two-phase Single-Phase Maximum 
allowable 
temperature 
reached 
Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS No 
Thermal Resistance (K/W) 0.017  N/A 
Comments   
90% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached  
Pulsation? Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.026  0.020  0.021  
Comments    
85% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? Yes 
Vapor After Condenser? No Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.022  0.019  0.021  
Comments    
80% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? Yes 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.017  0.018  0.019  
Comments    
75% Single- or Two-phase? Two-phase 
Pulsation? No 
52 
 
Vapor After Condenser? No Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.017  0.018  0.019  0.020  
Comments     
70% Single- or Two-phase? Two-phase 
Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.020  0.021  0.022  0.023  
Comments     
65% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.018  0.020  0.022  
Comments    
60% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.018  0.018  0.021  
Comments Liquid-vapor interface visible in window 3 – 
liquid level fluctuates slightly as liquid drains 
down pipe wall 
Liquid level in window 3 gets lower with 
increasing heat input 
55% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.024  0.025  0.025  
Comments Amount/speed of liquid draining down walls of 
window 3 increases with increasing heat input 
Liquid did not appear in window 2 until the end 
of the 200W heat input segment of the 
experiment 
50% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.019  0.020  0.022  
Comments Liquid drains down walls in window 3, thin 
stream of liquid flows down walls in window 2 
45% Single- or Two-phase? Two-phase Maximum 
allowable Pulsation? No 
Vapor After Condenser? Yes 
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Operate as Heat Pipe? TPLTS temperature 
reached Thermal Resistance (K/W) 0.024  0.025  0.025  
Comments Liquid drains down walls in window 3, thin 
stream of liquid flows down walls in window 2 
40% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.017  0.018  0.021  
Comments Liquid drains down walls in window 3, thin 
stream of liquid flows down walls in window 2 
35% Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.019  0.020  0.021  
Comments Initially liquid-vapor interface is visible in 
window 1. As temperature increases, vapor 
bubbles are generated and carry liquid up 
through window 1 
Liquid drains down walls in window 3 and 
window 2 
30% Single- or Two-phase? Two-phase Maximum 
temperature 
reached 
Maximum 
allowable 
temperature 
reached 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.020  0.021  
Comments No liquid in window 1 
Liquid drains down walls in 
window 3 and window 2 
25% Comments Maximum allowable temperature reached 
3.2 Water as the Working Fluid 
 All R134a was removed and the thermosyphon was cleaned. Using a funnel, distilled water 
was slowly poured into the top of the loop until no more air remained. The system was then sealed 
and rotated, while observing the flow visualization windows to ensure no air bubbles were present. 
The experiment was first run with a 100% water fill ratio. Temperature readings at the BC, just 
before the condenser inlet, TC, and just after the condenser outlet are shown in Fig. 25a. Results, 
including major trends and thermal resistance, are summarized in Table 7.  
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Figure 25: Experimental a. Temperature Response and b. Thermal Resistance for 100% Water 
Fill Ratio and Heat Inputs of 100-350W  
 When system was completely filled with water, it was able to reach steady state for heat 
inputs up to 350W, which is the maximum heat input the heating element can run at. As shown in 
Fig. 25b, the thermal resistance of the 100% liquid water fill ratio experiment decreases linearly 
with increasing heat input. This indicates that the system operates more efficiently for higher heat 
inputs with water as the working fluid. 
 Following the 100% liquid water fill ratio experiment, additional experiments were 
conducted where 10% of the original amount of water was removed each time, without allowing 
any air into the system. The lowest fill ratio tested was 30% of the total loop volume. An initial 
heat input of 100W was applied to each experiment, increasing heat input by 50W after each 
subsequent heat input reached steady state. The temperature response for the first 2000 seconds 
for a 90% fill ratio in response to a 100W heat input is shown in Fig. 26. Only the first 2000 
seconds are shown to clearly illustrate the trends observed during the startup period. Thermocouple 
locations can be seen in Fig. 17. 
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Figure 26: Experimental Temperature Response for 90% Water Fill Ratio and 100W Heat Input 
 There are several interesting trends to note in Fig. 26. First, the temperature of the pipe just 
after the heater increases with increasing temperature of the heating element until approximately 
353 K (80oC) is reached after which the temperature levels off. This is the point when small 
bubbles begin to appear in the flow visualization window just after the heating element, as shown 
in Fig. 27. It can be assumed that as soon as bubbles begin to form, latent heat is removed in order 
to form the bubbles, and the temperature of the water at the evaporator stops increasing, even 
though the heating element temperature continues to increase.  
 
Figure 27: Small Bubble Formation Just After Heating Element for 90% Water Fill Ratio 
Experiment with 100W Heat Input 
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 The point at which the temperature just after the heating element reaches a near constant 
value is the same time at which other temperatures farther from the evaporator begin to respond to 
the heat input. The temperature just before the condenser inlet begins to increase slowly, and the 
temperature just after the condenser outlet begins to decrease slowly. It can be seen in Fig. 26 that 
these changes in temperature begin after approximately 900 seconds, which indicates water starts 
flowing around the loop at this time. 
 Similar phenomenon was seen in the lower fill ratio experiments. The temperature response 
for each fill ratio ranging from 90-30% of the total volume of the loop, in 10% increments, are 
shown in Fig. 28. Only the first 2000 seconds of data are shown for each experiment to clearly 
show the startup periods. An initial heat input of 100W was applied to each experiment. As seen 
in Fig. 28, the same general trends can be seen in all fill ratio experiments from 90-30% water as 
discussed for the 90% fill ratio experiment shown in Fig. 26. First, the temperature just after the 
evaporator increases with the heating element temperature until a certain point where it begins to 
level off. At this point, small bubbles are seen in window 1, like those in Fig. 27. Shortly after the 
temperature of the pipe just after the heating element begins to level off, the working fluid begins 
to circulate through the loop and the temperatures around the entire system begin to respond: T14 
and Cond(i) begin to increase and Cond(o) temperature begins to decrease slightly. 
 While the same general trends can be observed, there are several differences as fill ratio 
decreases. First, as seen in Fig. 28, the temperature at which the location just after the heating 
element approaches a constant value decreases with decreasing fill ratio. As water is removed from 
the system, the pressure inside the system decreases to below atmospheric pressure and continues 
decreasing as more water is removed, resulting in a lower boiling temperature. Therefore, the 
temperature at which bubbles begin to form also decreases with decreasing fill ratio.   
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Figure 28: Temperature Response to a Heat Input of 100W for Experiments with Water Fill 
Ratios of a. 90% b. 80% c. 70% d. 60% e. 50% f. 40% and g. 30% 
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 The time it takes for working fluid to begin circulating and for temperatures farther away 
from the heating element (T14, Cond(i), Cond(o)) to begin responding to the heat input increases 
with decreasing fill ratio. The times at which this occurs for the 90%, 80%, 70%, 60%, 50%, 40%, 
and 30% (not seen on figure) fill ratios are approximately 900, 1200, 1400, 1600, 1800, 1900, and 
2900 seconds, respectively. The 30% fill ratio experiment takes much longer to reach the point 
where heat is transferred, indicating the fill ratio is too low for heat to be transferred effectively. 
The thermal resistance for each fill ratio and heat input was plotted in Fig. 29a. As seen in 
Fig. 29a, there is not a large difference in thermal resistance for the 100% fill ratio experiment for 
different heat inputs, although it can clearly be seen that the thermal resistance decreases with 
increasing heat input. The thermal resistance generally increases with decreasing heat input for 
each fill ratio experiment, except the 60% and 40% experiments. For the 60% fill ratio experiment, 
the thermal resistance increases slightly for the 300W and 350W heat inputs. The differences in 
the 40% fill ratio experiments are within the error associated with each value. Figure 29b shows 
the thermal resistance for three fill ratios, with respect to heat input. It can be seen in Fig. 29b the 
thermal resistance decreases with heat input for each fill ratio shown. However, the decrease in 
thermal resistance is linear for a fill ratio of 100%, but for fill ratios of 30% and 80%, the slope of 
the decreasing thermal resistance decreases with increasing heat input. This indicates that the step 
change in thermal resistance is more uniform for the 100% fill ratio when the experiment operates 
as a SPLTS than for lower fill ratios operating as a TPLTS.  
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Figure 29: Effects of a. Fill Ratios of 100-30% Water and b. Heat Inputs of 100-350W on 
Experimental Thermal Resistance for a Loop Thermosyphon 
 For each heat input, the lowest thermal resistance occurs for the 100% fill ratio. For the 
100W heat input, the thermal resistance is at a minimum for the 100% fill ratio experiment then 
increases substantially for the 90% fill ratio experiment. Then, as fill ratio decreases, there is a 
general decreasing trend in thermal resistance. For the heat inputs greater than 100W, this trend is 
less clear. When the fill ratio is decreased to 30%, the thermal resistance is at a maximum for each 
heat input. The 30% fill ratio experiment is the least effective. The most efficient fill ratios for this 
experiment are either the 100% fill ratio where the system operates as a single-phase loop 
thermosyphon (SPLTS) or the 40% fill ratio experiment where the system operates as a two-phase 
loop thermosyphon (TPLTS). 
Table 7: Effects of Water Fill Ratio on Experimental Performance of a Loop Thermosyphon 
Fill 
Ratio 
 100W 150W 200W 250W 300W 350W 
100% 
 
 
 
Single- or Two-phase? Single-phase 
Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? Single-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.094 0.078 0.064 0.056 0.043 0.034 
Comments Large fluctuations began to appear in the temperature readings 
just after the condenser outlet for heat inputs greater than 250W. 
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90% Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.355 0.208 0.121 0.090 0.0766 0.0681 
Comments  
80% Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.266 0.165 0.115 0.081 0.068 0.059 
Comments  For heat inputs of 250W and 
greater, the water level can be 
seen fluctuating in the window 
at the top right of the loop 
70% Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.270 0.153 0.105 0.078 0.055 0.057 
Comments  For heat inputs of 200W and greater, the 
water level can be seen fluctuating in the 
window at the top right of the loop 
60% Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No Yes 
Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.235 0.111 0.072 0.073 0.0064 0.090 
Comments  For heat inputs of 150W and greater, the water level 
can be seen fluctuating in the window at the top right 
of the loop 
 Water level can be seen 
fluctuating in window after 
condenser for heat inputs of 
250W or greater 
50% Single- or Two-phase? Two-phase 
Pulsation? Yes 
Vapor After Condenser? Yes 
Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.177 0.139 0.121 0.112 0.110 0.097 
Comments Water level can be seen fluctuating in the flow visualization 
window at the top right section of the loop and just after the 
condenser for all heat inputs greater than 100W 
40% Single- or Two-phase? Two-phase 
Pulsation? Yes 
Vapor After Condenser? Yes 
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Operate as Heat Pipe? Two-phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.165 0.093 0.074 0.068 0.071 0.071 
Comments Water drains down the walls of the flow visualization window 
just after the condenser for all heat inputs greater than 100W 
30% Single- or Two-phase? Two-phase 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? Two-Phase Loop Thermosyphon 
Thermal Resistance (K/W) 0.411 0.299 0.231 0.187 0.157 0.135 
Comments Very small trickles of liquid drained down the walls of the flow 
visualization window just after the condenser for all heat inputs 
 
Flow visualization is discussed below for the 90% fill ratio experiment. After heat is 
applied, there remains liquid in all three flow visualization windows. After the water temperature 
at the heating element reaches the boiling temperature at the system pressure, small bubbles begin 
to form just after the evaporator window as shown in Fig. 27.  
 
Figure 30: Flow Visualization for 90% Water Fill Ratio at a. Window 1 with Heat Input of 
100W, b. Window 2 with a Heat Input of 100W, c. Window 1 with Heat Input of 350W, d. 
Window 2 with Heat Input of 350W 
As time progresses and the temperature around the loop increases, the size and speed of bubbles 
flowing through the flow visualization window just after the evaporator increases. Figure 30 shows 
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the flow visualization windows just after evaporator (a) and at the top right of the loop (b) at the 
steady state operation of the 90% experiment for a heat input of 100W. 
As heat input and therefore temperature of the system increases, the size and speed of the 
vapor bubbles increase. Figure 30c and Fig. 30d show the flow through the system at steady state 
for a heat input of 350W for the 90% fill ratio experiment. When comparing Fig. 30a and Fig. 30b 
with Fig. 30c and Fig. 30d, the bubble size is larger for the higher heat input.  
 The startup for the 80% fill ratio experiment is similar to that of the 90% fill ratio 
experiment. After the temperature of the flow at the heating element reaches the boiling 
temperature at the system pressure, small bubbles begin to form and flow through the flow 
visualization window just after the evaporator, similar to those in Fig. 27. As the system reaches 
steady state for the 100W heat input, the size and speed of the vapor bubbles just after the 
condenser increases. Initially, the water level is such that it can be seen in the flow visualization 
window on the top right of the loop, as seen in Fig. 31a. As the system temperature increases after 
a 100W heat input is applied, the water level rises to be above this window and only small bubbles 
are seen rising through the flow visualization window at the top right of the loop as seen in Fig. 
31b. As the heat input is increased to 200W, the speed of the small vapor bubbles rising through 
the flow visualization window at the top right of the loop increases. As heat input is increased and 
the temperature within the system increases, the size and speed of the vapor bubbles just after the 
evaporator increases. There is also a pulsation phenomenon that occurs for heat inputs of 200W 
and higher where there are several seconds of only liquid just after the evaporator followed by 
several seconds of vapor shooting upwards. 
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Figure 31:  Flow Visualization at Window 2 for a Fill Ratio of 80% Water a. Before Heat is 
Applied and b. at Steady State for a 100W Heat Input c., d., e., f., During 350W Heat Input 
 For heat inputs of 250W and higher, the water level can again be seen in the window at the 
top right of the loop. However, there is now a large fluctuation in the location of the water level. 
Figure 31c shows the flow visualization window at the top right of the loop for a heat input of 
350W. As seen in Fig. 31, the water level fluctuates. In Fig. 31c, there is entirely liquid in this 
section. Then, bubbles start to appear in Fig. 31d rising from the evaporator. After several seconds, 
the water level drops and can be seen near the bottom of the window in Fig. 31e. Then, the water 
level rises again as seen in Fig. 31f until it is eventually above the window and there is only liquid 
present in this section and the process repeats. As heat input increases, the speed at which this 
process occurs increases. 
 When the experiment is 70% filled with liquid water, the water level is initially below the 
level of window 2 and cannot be seen. When 100W of heat is applied to the heating element, vapor 
is generated at the heating element in a similar process as the 80% fill ratio experiment. Eventually, 
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enough vapor is generated at the evaporator that the vapor rises, and the liquid level rises above 
window 2 and only small bubbles are seen flowing through an otherwise entirely liquid section, 
similar to the low heat inputs of the 80% fill ratio experiment shown in Fig. 31. The flow through 
window 3 remains entirely liquid throughout the experiment. The same flow trends are seen for 
the 150W heat input as the 100W heat input. As the heat input is increased to 200W, the water 
level can again be seen in the flow visualization window at the top right of the loop and the process 
described in Fig. 31 can be observed. 
 
Figure 32: Flow Visualization at Window 2 for 70% Water Fill Ratio Experiment and 250W 
Heat Input as Time Progresses from a. to d.  
For heat inputs of 250-350W, the water level is sometimes again below the top right 
window. Figure 32 shows the flow visualization window at four separate times during the 70% fill 
ratio experiment with a heat input of 350W. In Fig. 32a, the water level can be seen in the window. 
Then, the water level rises and window 2 is filled entirely with liquid as shown in Fig. 32b. Next, 
vapor bubbles begin to flow through the window as seen in Fig. 32c. After several seconds, the 
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water level drops below window 2 and liquid flows down the sides of the walls as shown in Fig. 
32d until the water level rises again and the process repeats. These observations also occur for heat 
inputs of 300W and 350W. However, the speed of fluctuations increases as heat input increases. 
 During the startup period of the 60% fill ratio experiment after 100W of heat is applied to 
the evaporator, the flow through window 1 is similar to the flow for the 70% and 80% fill ratio 
experiments. The flow through window 2 for the 100W heat input is similar to that shown in Fig. 
31 where the liquid line appears in the window and then moves back up. The liquid line does not 
drop below window 2 until the heat input is increased to 150W, when the flow behaves as the flow 
shown in Fig. 32 where the liquid line fluctuates above and below window 2. This trend also occurs 
for all heat inputs greater than 150W. The speed of the fluctuation increases with heat input. 
 The pulsation phenomenon discussed previously can clearly be seen in the 60% fill ratio 
experiment when a heat input of 200W is applied. Figure 33 shows the flow visualization window 
just after the evaporator. In the beginning of the cycle, window 1 is filled entirely with liquid, as 
shown in Fig. 33a. Then, small vapor bubbles start to appear and continue to increase in size as 
seen in Fig. 33b and Fig. 33c, respectively. After several seconds of the smaller bubbles, large 
vapor bubbles begin to appear in window 1, as shown in Fig. 33d. Several seconds later, all vapor 
bubbles in this section disappear and window 1 is again entirely liquid and the process repeats. As 
heat input is increased from 200W to 250W, the pulsation becomes more pronounced and the time 
that each segment lasts (liquid only, small vapor bubbles, then large bubbles) increases. 
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Figure 33: Flow Visualization for 60% Water Fill Ratio Experiment at a.-d. Window 1 with 
200W Heat Input e.-h. Window 3 with 250W Heat Input 
 For fill ratios greater than 60%, the working fluid flowing through window 3 remains liquid 
throughout the experiment. However, for heat inputs of 250W or greater for 60% fill ratio, vapor 
can be seen in this section. Figure 33 shows the flow visualization window just after the condenser 
for the 250W heat input to the 60% fill ratio experiment. Initially there is entirely liquid in this 
section, as seen in Fig. 33e. Then, the water level drops in Fig. 33f and drops below window 3 in 
Fig. 33g. Shortly thereafter, a stream of liquid flows down the walls and the liquid level again rises 
as seen in Fig. 33h until it is above the window and the process repeats. 
Flow trends for the 50% fill ratio experiment are similar to those of the 60% fill ratio 
experiment. Presence of pulsation and vapor in window 3 is summarized in Table 7. 
 Flow trends for the 40% fill ratio experiment are similar to those of the 60% fill ratio 
experiment at windows 1 and 2. Presence of pulsation in the flow and vapor window 3 are 
summarized in Table 7. The liquid level is no longer visible in window 3. Instead, liquid can be 
seen draining down the walls of this section. For the 100W heat input, there is only a small trickle 
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of water draining down the walls of window 3. As the heat input increases, the thickness and speed 
of the film flowing down the walls increases. 
 The flow through window 1 for the 30% fill ratio is similar to the fill ratios mentioned 
previously. Presence of pulsation for each heat input is summarized in Table 7. For a heat input of 
100W, there is no liquid present windows 2 or 3. For heat inputs of 150W and greater, a large 
vapor bubble flows very fast up the window at the top right of the loop. Ahead of the bubble there 
is a small section of liquid which then drains down the walls of window 3 after the bubble passes 
through. This continues to occur, with one large bubble rising at a time. As heat input increases, 
the speed at which the large vapor bubble rises increases. The beginning of one large vapor bubble 
is shown in Fig. 34 pushing a small amount of liquid up. This liquid then drains down the walls. 
 
Figure 34: Flow Visualization at Window 2 for 30% Water Fill Ratio Experiment and 150W 
Heat Input 
As heat input increases above 100W, a small trickle of liquid begins to drain down the walls 
window 3. 
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3.3 Comparison Between Working Fluids 
For the vertical orientation with the evaporator below the condenser, thermal resistance is 
compared between R134a and water as working fluids for fill ratios of 100-30% the total volume 
and heat inputs of 200-350W. Results are shown in Table 8. The experiments with R134a as 
working fluid were not able to reach steady state for heat inputs of 350W due to maximum 
allowable temperature of 323K, which is approximately half the critical temperature of 374K, 
being reached. This is denoted in Table 6. The experimental thermal resistance for all fill ratios 
and heat inputs where the experiment was able to reach steady state with working fluid of water 
or R134a are listed in Table 8. The thermal resistance is higher for the experiments with water as 
the working fluid. The final column calculates how many times larger the thermal resistance is for 
water as the working fluid than R134a. This multiple ranges from 2.7-12.2 depending on fill ratio 
and heat input. These results indicate the experiment operates more effectively with R134a as the 
working fluid for all conditions where the experiment can reach steady state. However, with water 
as the working fluid, the experiment can operate at a fill ratio up to 100% and heat inputs up to 
350W. Therefore, if the objective is to run the thermosyphon with a fill ratio of 100% or if the heat 
that needs to be transferred is between 300-350W, water should be chosen as the working fluid. 
 An important trend to note for thermal resistance in response to increasing heat input 
between the two working fluids is: with R134a as the working fluid, thermal resistance increases 
with increasing heat input, but thermal resistance decreases with increasing heat input with water 
as the working fluid. This indicates the R134a loop thermosyphon operates more efficiently at 
lower heat inputs, and the water loop thermosyphon operates more efficiently at higher heat inputs. 
 
 
69 
 
Table 8: Thermal Resistance for Experiments with Water and R134a as Working Fluids with Fill 
Ratios from 100-30% and Heat inputs of 200-350W for a Loop Thermosyphon 
  Thermal Resistance (K/W)  
Fill 
Ratio 
Heat 
Input (W) 
Working Fluid: R134a Working Fluid: 
Water 
R for water is higher 
than R134a by: 
100% 200 maximum temperature 
reached – experiment 
not able to run at 100% 
0.064 N/A 
250 0.056 N/A 
300 0.043 N/A 
350 0.034 N/A 
90% 200 0.026 0.121 4.7x 
250 0.020 0.090 4.5x 
300 max temp reached 0.077 N/A 
350 max temp reached 0.068 N/A 
80% 200 0.017 0.115 6.8x 
250 0.018 0.081 4.5x 
300 0.019 0.068 3.6x 
350 max temp reached 0.059 N/A 
70% 200 0.017 0.105 6.2x 
250 0.018 0.078 4.3x 
300 0.019 0.055 2.9x 
350 max temp reached 0.057 N/A 
60% 200 0.018 0.072 4.0x 
250 0.020 0.059 3.0x 
300 0.022 0.064 2.9x 
350 max temp reached 0.090 N/A 
50% 200 0.024 0.121 5.0x 
250 0.025 0.112 4.5x 
300 0.025 0.110 4.4x 
350 max temp reached 0.097 N/A 
40% 200 0.024 0.074 3.1x 
250 0.025 0.068 2.7x 
300 0.025 0.071 2.8x 
350 max temp reached 0.070 N/A 
30% 200 0.019 0.231 12.2x 
250 0.020 0.187 9.4x 
300 0.021 0.157 7.5x 
350 max temp reached 0.135 N/A 
 
 Another noticeable difference between the water and R134a experiments is the startup 
period. The startup period for all fill ratios with R134a is similar to the startup of the 100% water 
experiment. In these experiments, all the temperatures around the loop respond quickly to the heat 
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input and increase steeply before gradually reaching steady state. However, the experiments with 
water as the working fluid for fill ratios of 90% or less consist of a very different startup period, 
described previously. The differences in these startup periods is because the working fluid in the 
R134a experiments and the 100% water fill ratio experiment are initially at saturation conditions. 
However, for water with fill ratios of 90% or less, the system much reach saturated conditions 
before heat can be transferred around the loop. 
 The trends in flow visualization are similar for both working fluids. The fill ratios and heat 
inputs at which pulsation are present and where there is vapor in window 3 vary and can be seen 
in the respective tables. However, the speed and size of the vapor bubbles generated at the 
evaporator increase with increasing temperature for both working fluids, except when the R134a 
experiment approaches the fully filled condition and bubble size decreases. One notable difference 
is that the flow of liquid/vapor water is more uniform as that of R134a. These trends can be seen 
in the respective flow visualization pictures. 
4. Effect of Changing Inclination Angle 
 The effect of inclination was studied to determine if the loop thermosyphon was able to 
transfer heat against gravity and operate in the counter-gravity orientation. 
4.1 R134a as the Working Fluid 
 The experiment was run at four different inclination angles (vertical with the evaporator 
below the condenser, at a 45o angle with the evaporator below the condenser, horizontal, and 
vertical with the evaporator above the condenser) with three different fill ratios (90%, 75%, and 
60% relative to the total volume) R134a. The results are summarized in Table 9 for the three 
different fill ratios. Of the four orientations, the thermosyphon operated as a TPLTS when tested 
vertically (with the evaporator below the condenser) and at a 45o angle to the horizontal (with 
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evaporator below the condenser). It can be assumed that the thermosyphon is also able to operate 
as a TPLTS for angles greater than 45o to the horizontal where the evaporator is below the 
condenser. The thermosyphon was not able to transfer heat when horizontal (evaporator level with 
condenser) or with the evaporator above the condenser. The orientations at which the 
thermosyphon can or cannot operate are consistent for all three fill ratios tested. Therefore, the 
thermosyphon is not able to transfer heat against gravity for any of the fill ratios tested.  
The thermal resistance for the vertical (with the evaporator below the condenser) is slightly 
lower than the 45o angle to the horizontal (with evaporator below the condenser) experiment for 
corresponding heat inputs for the 90% fill ratio. This indicates that the thermosyphon can operate 
slightly more effectively in the vertical orientation when the fill ratio is 90%.  
When the fill ratio is 75%, the thermal resistance for the vertical orientation is slightly 
lower than the 45o angle experiment for corresponding heat inputs, similar to the 90% fill ratio 
experiments. This indicates that the thermosyphon operates slightly more effectively in the vertical 
orientation. Vapor bubbles appear in the flow visualization window just after the condenser for the 
vertical experiment for all heat inputs, but not for the 45o angle orientation.  
 The 60% fill ratio experiment can reach steady state for heat inputs up to 350W, whereas 
the 90% and 75% fill ratio experiments were only able to reach steady state for heat inputs of 
300W or less.  For the 60% fill ratio experiment, the thermal resistance for the 45o inclination 
angle is less than the thermal resistance in the vertical orientation for the same heat inputs. This is 
the opposite from what is observed in the 90% and 75% fill ratio experiments. When the fill ratio 
is 60%, the thermosyphon operates slightly more efficiently when angled at 45o to the horizontal 
than vertically, with the evaporator below the condenser. Vapor bubbles appear in the flow 
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visualization window just after the condenser for the vertical experiment for all heat inputs, but 
only for the 300W and 350W experiments at the 45o angle orientation. 
Table 9: Effects of Inclination Angle on Performance of R134a Loop Thermosyphon with Fill 
Ratios of 90%, 75%, 60% 
Fill Ratio Orientation  200 W 250 W 300 W 350W 
90% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? Yes No 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.019 0.021 0.017 
Comments Pulsation phenomenon occurred 
for the 200W and 250W 
experiments where there were a 
few seconds in the flow 
visualization windows just after 
the evaporator and near the top of 
the loop where vapor bubbles 
would appear, followed by 
several seconds of no bubbles. 
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase Maximum allowable 
temperature reached Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.021 0.022 
Comments  
Horizontal Comments Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. 
The heat input needed to be shut off, so the 
experiment did not reach the maximum 
temperature. Steady State was not reached. 
Vertical 
(evaporator 
above 
condenser) 
Comments Similar phenomenon was seen as in the 
horizontal orientation, except the temperature 
increase was steeper in the anti-gravity 
orientation. 
75% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? Yes 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.020 0.020 0.021 
Comments Pulsation phenomenon occurred 
for the 200-300W experiments 
where there were a few seconds 
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in the flow visualization windows 
just after the evaporator and near 
the top of the loop where vapor 
bubbles would appear, followed 
by several seconds of no bubbles. 
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase Maximum 
allowable 
temperature 
reached 
Pulsation? Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.028 0.025 0.024 
Comments   
Horizontal Comments Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. 
The heat input needed to be shut off, so the 
experiment did not reach the maximum 
temperature. Steady State was not reached. 
Vertical 
(evaporator 
above 
condenser) 
Comments Similar phenomenon was seen as in the 
horizontal orientation, except the temperature 
increase was steeper in the anti-gravity 
orientation. 
60% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? No 
Vapor After Condenser? Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.023 0.022 0.022 0.021 
Comments   
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? No 
Vapor After Condenser? No Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.018 0.018 0.018 0.018 
Comments    
Horizontal Comments Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. 
The heat input needed to be shut off, so the 
experiment did not reach the maximum 
temperature. Steady State was not reached. 
Vertical 
(evaporator 
above 
condenser) 
Comments Similar phenomenon was seen as in the 
horizontal orientation, except the temperature 
increase was steeper in the anti-gravity 
orientation. 
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 The thermosyphon can operate as a TPLTS for all three R134a fill ratios tested when the 
thermosyphon is oriented with the evaporator below the condenser. When the evaporator is level 
with or above the condenser, the thermosyphon is not able to transfer heat. Therefore, the loop 
thermosyphon requires the evaporator to be below the condenser in order to operate and relies on 
gravity for the flow of working fluid, as is expected. 
4.2 Water as the Working Fluid 
The experiment was filled with 100%, 90%, and 75% (of the total loop volume) water and 
each fill ratio was tested at four inclination angles. The thermosyphon was tested vertically (with 
the evaporator below the condenser), at a 45o angle to the horizontal (with evaporator below the 
condenser), horizontally, and vertically (with the evaporator above the condenser). The results are 
summarized in Table 10. Of these orientations, the thermosyphon operated as a SPLTS when tested 
vertically (with the evaporator below the condenser) and at a 45o angle to the horizontal (with 
evaporator below the condenser) when the initial fill ratio was 100%, and as a two-phase loop 
thermosyphon (TPLTS) for these two orientations when the fill ratio was 90% and 75%. It can be 
assumed that the thermosyphon is also able to operate as a SPLTS or TPLTS, for the respective 
fill ratios, for angles greater than 45o to the horizontal where the evaporator is below the condenser. 
The thermosyphon was not able to transfer heat when horizontal (evaporator level with condenser) 
or with the evaporator above the condenser for any fill ratio tested. Therefore, the flow of working 
fluid relies on gravity for the 100%, 90%, or 75% fill ratios, as is expected.  
Figure 35 shows the graph of thermal resistance for the 75%, 90%, and 100% fill ratio 
experiments for the orientations at which the thermosyphon was able to operate. The thermal 
resistance for each heat input and orientation is listed in Table 10. Interestingly, the thermal 
resistance for the vertical orientation is greater than that of the 45o orientation for the first three 
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heat inputs (100-200W). When the heat input is greater than 200W, the thermal resistance is 
slightly lower for the vertical orientation than the 45o orientation. This indicates that the optimal 
orientation angle for the 100% fill ratio experiment depends on the heat input. The thermosyphon 
operates more effectively in the vertical orientation for heat inputs of 250-350W and operates more 
effectively in the 45o orientation for heat inputs of 100-200W. 
As seen in Fig. 35, the thermal resistance for the 90% fill ratio for both orientations are 
very similar with an average percent difference of 3.6% and a maximum percent difference of 
7.5% for the 300W heat input. A similar trend can be noted as for the 100% fill ratio experiment, 
where the orientation with the lowest thermal resistance depends on heat input. For the 90% fill 
ratio experiment, for a heat input of 100W, the lower thermal resistance occurs for the 45o 
orientation, whereas for heat inputs of 150-350W, the vertical orientation is the most effective with 
lower thermal resistance than the 45o orientation. 
 
Figure 35: Thermal Resistance for 100%, 90%, and 75% Water Fill Ratio Experiments with 
Heat Inputs from 100-350W in the Vertical and 45o Orientation 
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A similar trend can be noted for the 75% fill ratio, where there is a cutoff input at which 
the optimal orientation switches. For heat inputs of 100-300W, the 45o orientation has a lower 
thermal resistance and is therefore more effective. However, for a heat input of 350W, the opposite 
is true. The thermal resistance for the vertical orientation is less than that of the 45o orientation. 
Based on results shown Fig. 35 and Table 10, the optimal orientation depends on heat input. 
For higher heat inputs, the vertical orientation is more effective and for lower heat inputs the 45o 
orientation is more effective. The heat input at which the transition occurs depends on fill ratio. 
Table 10: Effects of Inclination Angle on Performance of Water Loop Thermosyphon with Fill 
Ratios of 100%, 90%, and 75% 
Fill 
Ratio 
Orientation  100W 150W 200W 250W 300W 350W 
100% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Single-phase 
Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? SPLTS 
Thermal Resistance (K/W) 0.094 0.078 0.064 0.056 0.043 0.034 
Comments Working fluid remained single phase throughout 
experiment 
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Single-phase Max. 
allow-
able 
temp. 
reach-
ed 
Pulsation? No 
Vapor After Condenser? No 
Operate as Heat Pipe? SPLTS 
Thermal Resistance (K/W) 0.067 0.061 0.059 0.056 0.047 
Comments Thermal resistance decreases with 
increasing heat input, but slope of decrease 
is less than that of the vertical 
Horizontal Comments Thermosyphon was not able to transfer heat when 
horizontal. 
Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. The 
heat input needed to be shut off, so the experiment 
did not reach the maximum temperature. Steady 
state was not reached. 
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Vertical 
(evaporator 
above 
condenser) 
Comments Thermosyphon was not able to transfer heat when 
oriented vertically with evaporator above condenser. 
Similar phenomenon was seen as in the horizontal 
orientation, except the temperature increase was 
steeper in the anti-gravity orientation. 
90% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.536 0.315 0.219 0.166 0.134 0.114 
Comments  
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.516 0.321 0.231 0.177 0.145 0.118 
Comments The thermal resistance for the angled experiment is 
approximately 3.6% less than the vertical 
experiment with a maximum percent difference 
occurring for the 300W heat input. 
Horizontal Comments Thermosyphon was not able to transfer heat when 
horizontal. 
Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. The 
heat input needed to be shut off, so the experiment 
did not reach the maximum temperature. Steady 
state was not reached. 
Vertical 
(evaporator 
above 
condenser) 
Comments Thermosyphon was not able to transfer heat when 
oriented vertically with evaporator above condenser. 
Similar phenomenon was seen as in the horizontal 
orientation, except the temperature increase was 
steeper in the anti-gravity orientation. 
75% Vertical 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? Yes 
Vapor After Condenser? No Yes 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.349 0.204 0.139 0.115 0.100 0.075 
Comments  
45o 
(evaporator 
below 
condenser) 
Single- or Two-phase? Two-phase 
Pulsation? No Yes 
Vapor After Condenser? No 
Operate as Heat Pipe? TPLTS 
Thermal Resistance (K/W) 0.234 0.133 0.097 0.097 0.091 0.086 
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Comments For heat inputs of 300W or less, the thermal 
resistance for the vertical orientation is higher than 
the 45o orientation. When the heat input is 350W, 
the thermal resistance is lower in the vertical 
orientation than the 45o orientation. As heat input 
increases from 100-350W, the percent difference in 
thermal resistance decreases from 39% at 100W to -
14% at 350W. 
Horizontal Single- or Two-phase? Thermosyphon was not able to transfer heat when 
horizontal. Pulsation? 
Vapor After Condenser? 
Operate as Heat Pipe? 
Thermal Resistance (K/W) 
Comments Heat input was initially set to 100W. The 
temperatures near the evaporator increased very 
quickly while the remainder of the temperatures 
around the loop remained relatively constant. The 
heat input needed to be shut off, so the experiment 
did not reach the maximum temperature. Steady 
state was not reached. 
Vertical 
(evaporator 
above 
condenser) 
Single- or Two-phase? Thermosyphon was not able to transfer heat when 
oriented vertically with evaporator above condenser. Pulsation? 
Vapor After Condenser? 
Operate as Heat Pipe? 
Thermal Resistance (K/W) 
Comments Similar phenomenon was seen as in the horizontal 
orientation, except the temperature increase was 
steeper in the anti-gravity orientation. 
4.3 Comparison Between Working Fluids 
 The optimal orientation depends on different factors for water and R134a. When the 
working fluid is water, the thermosyphon has a lower thermal resistance in the 45o orientation for 
lower heat inputs, and in the vertical orientation for higher heat inputs. Therefore, the optimal 
orientation with water as the working fluid depends on the desired amount of heat to be transferred. 
With R134a as the working fluid, the optimal orientation depends on fill ratio. Higher R134a fill 
ratios (90% and 75%) R134a operate more effectively in the vertical orientation, with the 
evaporator below the condenser, and lower fill ratios of 60% operate more effectively at the 45o 
orientation.  
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5. Conclusions 
 There are several limiting factors for each working fluid in terms of heat input and fill 
ratio. With R134a as the working fluid, the loop thermosyphon is not able to operate as a SPLTS. 
The loop thermosyphon can operate as a TPLTS for fill ratios between 95-30% of the total loop 
volume for heat inputs of at least 200W. The thermal resistance ranges from 0.0165-0.0256 K/W. 
The experiments with the lowest thermal resistance are the 75-80% and 40% fill ratio 
experiments.  
 With water as the working fluid, the loop thermosyphon can operate effectively for liquid 
fill ratios of 100-30% relative to the total volume of the loop for heat inputs up to 350W as either 
a SPLTS or TPLTS depending on initial fill ratio. When the working fluid is water, the 
experiment operates most effectively with the lowest thermal resistances for the 100% and 40% 
fill ratio experiments. The optimal orientation angle depends on heat input. 
 The loop thermosyphon operates with lower thermal resistance when R134a is the working 
fluid than with water. However, when the working fluid is water the experiment can operate as a 
SPLTS and can reach steady state at higher heat inputs. Both have an optimal fill ratio above and 
below 50%. The optimal fill ratio greater than 50% is 75-80% for the R134a and 100% for water, 
and the optimal fill ratio below 50% for both water and R134a LTS is 40%. The optimal orientation 
angle depends on fill ratio for R134a as the working fluid and desired amount of heat to be 
transferred and fill ratio for water as the working fluid. 
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Chapter 3: Thermal Performance and Flow Characteristics of Two-
Phase Loop Thermosyphons 
Nomenclature 
𝐴𝑐  cross-sectional area (m
2)  Greek Symbols   
𝐴𝑠  surface area (m
2)  ε  volume fraction 
𝐷  diameter (m)  Π  number of phases 
h  convection coefficient (W/ m2∙K)  ρ  density (kg/m3) 
ℎ  specific enthalpy (J/kg)  𝝉  viscous stress tensor (N/m2) 
ℎ̃  average enthalpy of multiphase mixture (J/kg)  𝝉′  stress tensor (N/m2) 
𝑘  thermal conductivity (W/m∙K)  𝛁  laplace operator vector 
𝐿  length (m)     
?̇?  rate of mass transfer due to evaporation or 
condensation (kg/s∙m3) 
 Subscript   
?̇? 𝑗𝑘
′′′  mass transfer per unit volume from phase 𝑗 to 
phase  𝑘 due to phase change 
 𝑎  adiabatic 
?̇?𝐼
′′′  momentum production rate due to interaction 
between phases along their separating interfaces 
 ?̇?𝐼
′′′
= ∑ ∑ 〈?̇? 𝑗𝑘
′′′ 〉Π𝑗=1(𝑗≠𝑘)
Π
𝑘=1 〈𝐕𝑘,𝐼〉
𝑘 
 𝑎𝑣𝑒  average 
𝑝  pressure (Pa)  𝑐  condenser 
𝐪′′  heat flux vector (W/m2)  𝑒  evaporator 
𝑞′′′  Internal heat generation per unit volume (W/m3)  𝑒𝑓𝑓  effective 
?̇?  heat (W)  𝐼  interface 
𝑟  mass transfer intensity factor  𝑖𝑛  input 
𝑇  temperature (K)  𝑘  kth phase 
V  velocity vector (m/s)  𝑙  liquid phase 
?̃?  mass-averaged velocity vector, 
1
〈𝜌〉
(∑ 𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘〉
𝑘Π
𝑘=1 ) (m/s) 
 𝑚𝑎𝑥  maximum 
𝐗  body force vector  𝑜𝑢𝑡  output 
    𝑟  radial 
Other    sat  saturated state 
〈 〉  volume averaged  v  vapor phase 
〈 〉k  phase averaged  ∞  free stream 
𝐷
𝐷𝑡
 
 substantial derivative     
 
1. Introduction 
A heat pipe is a highly effective and well-established device which transfers a large amount 
of heat from one location to another. The components of a conventional heat pipe are the wick, 
outer wall, and working fluid, which flows through the three main sections of the heat pipe: 
evaporator, adiabatic section, and condenser (Faghri, 2016). A diagram of a conventional heat pipe 
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is shown in Fig. 36a (Boothaisong et al., 2015). There is a small temperature drop between the 
evaporator and condenser section of the heat pipe, referred to as the adiabatic section, where the 
heat pipe operates nearly isothermally (Faghri, 2017). Heat is applied externally to the evaporator 
section and vaporizes the fluid in the saturated wick, which is driven by the vapor pressure through 
the adiabatic section to the condenser where it condenses and releases its latent heat, then is 
returned to the evaporator by capillary action of the wick (Faghri, 2012; Poplaski et al., 2016). The 
main driver of heat transfer in the conventional heat pipe is phase change and the wick. There are 
several different types of heat pipe depending on the application, including: conventional heat 
pipes, loop heat pipes (LHP), pulsating heat pipes (PHP), and thermosyphons, which can also be 
broken up into conventional thermosyphons and single- and two-phase loop thermosyphons. A 
conventional heat pipe reliant on phase change has several limits. These limits include the viscous, 
sonic, capillary, entrainment, flooding, and boiling limits. Challenges and opportunities of heat 
pipes are discussed by Faghri (2014). Heat pipe analysis and numerical simulation covering all 
types of heat pipes with various levels of approximation is reviewed by Bergman & Faghri (2017). 
A two-phase conventional thermosyphon (TPCTS), a schematic of which is shown in Fig. 
36b., is sometimes referred to as a gravity assisted heat pipe and consists of an evaporator and 
condenser. There is no wick in TPCTS because the force of gravity drives the fluid flow. The 
liquid and vapor occupy a single straight tube and the flow is counter-current. The heat input to 
the evaporator vaporizes the working fluid, which then flows up to the condenser. The working 
fluid is then condensed back into a liquid in the condenser section, releases its latent heat, and 
drains back down the walls to the evaporator. 
Due to the counter-current flow of the liquid and vapor, the thermosyphon performance is 
limited by the flooding limit. This occurs when working fluid temperature is low, and vapor 
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velocity is high. The shear of the vapor traveling to the condenser prevents liquid film on the wall 
from traveling back to the condenser. The conventional thermosyphon is also subject to the dry-
out limit. This occurs when the fill charge ratio is too small and the condensate film eventually 
dries out (Park et al., 2002). 
 
Figure 36: Diagrams of a. Conventional Heat Pipe b. Two-phase Conventional Thermosyphon c. 
Two-phase Loop Thermosyphon c. Single-phase Loop Thermosyphon Showing the Flow of 
Liquid and/or Vapor  
There are two main approaches for full numerical simulation of two-phase, closed, 
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wickless thermosyphons. The first is the separated model approach, where a set of localized 
governing equations for mass, momentum, and energy conservation are solved separately for the 
liquid and vapor phases. Harley & Faghri (1994) developed a steady and transient two-dimensional 
thermosyphon separate flow model which accounts for conjugate heat transfer through the wall 
and the falling condensate film. The model was extended by Shabgard et al. (2014) to include 
various filling conditions of the thermosyphon. The second approach uses the multifluid-Eulerian 
model which allows liquid vapor penetration and requires volume averaging to be performed on 
the governing equations (Faghri, 2016; Faghri & Zhang, 2006).  
Many numerical simulations have been performed to understand the two-phase flow in the 
TPCTS and the effects of varying several parameters on the overall performance. Wang et al. 
(2018) conducted a combined CFD and experimental flow visualization investigation. They used 
the VOF method for modeling two-phase flow, and both the Lee model and an improved Lee 
model that considers superheat to increase prediction performance. The authors concluded that the 
bubble growth behavior is much more accurate to the experiment when using the improved Lee 
model than the original. However, though the improved Lee model was able to better reproduce 
the bubble expulsion phenomenon, the bubble growth rate was much different in the simulation 
than in the experiment. Alizadehdakhel et al. (2010) and Fadhl et al. (2013) developed models to 
simulate two-phase heat transfer through a TPCTS. Both used ANSYS Fluent to create their 
models and the VOF model and user defined functions (UDFs) to model the multiphase flow and 
evaporation-condensation of the working fluid. Jouhara et al. (2016) developed a 3D CFD model 
using the VOF method and UDFs which also included the cooling fluid in the condenser as part of 
their model. Xu et al. (2016) developed a model using VOF and a UDF to model phase change 
and simulate heat transfer characteristics in a TPCTC. They also investigated the effects of 
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changing the transient mass transfer time relaxation parameter on the temperature and performance 
results. Naresh & Balaji (2018) developed a thermal circuit model to study the flow and heat 
transfer processes in an internally finned two-phase thermosyphon, with results within 5% of 
experimental data. 
The two-phase loop thermosyphon (TPLTS), a general schematic of which is shown in Fig. 
36c, consists of an evaporator, riser, condenser, and downcomer. Heat input to the evaporator 
section vaporizes the working fluid (Zhang et al., 2015). The vapor (or liquid-vapor mix, 
depending on the initial fill ratio) then flows up the riser to the condenser where it is condensed 
back into a liquid. The flow in the TPLTS is co-current, with liquid and vapor flowing in the same 
direction around the loop. The liquid phase (or liquid-vapor mix, depending on the initial fill ratio) 
flows down the downcomer back to the evaporator. The flow of liquid is driven by the density 
difference of the lower temperature fluid coming from the condenser and the higher temperature 
lower density flow from the evaporator (Khodabandeh, 2005). The TPLTS has no flooding limit. 
Some TPLTS have wicks in the evaporator and some do not. However, the TPLTS operates more 
effectively with wick structures in the evaporator than without (Kang et al., 2010). The TPLTS 
relies on gravity for the flow of working fluid, and the heat transfer relies on the heat of 
vaporization.  
Several attempts have been made at modeling TPLTS. Dobson & Ruppersberg (2007) 
conducted theoretical simulations for single-phase and two-phase loop thermosyphons with 
expansion tanks, and two-phase loop thermosyphons without expansion tanks. Their theoretical 
results were able to capture single and two-phase flow with expansion tanks well, but were not 
able to capture the operating modes in the two-phase without expansion tank model. Park et al. 
(2018) developed a 2D CFD model using FLUENT to analyze two-phase flow through a loop 
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thermosyphon as a defrost device in a refrigerator. They modeled the flow of the working fluid as 
turbulent, using the k-ω model. Zhang et al. (2015) developed a generalized model for a two-phase 
loop thermosyphon using conservation equations of momentum, energy, and mass simultaneously, 
where the downcomer can be either partially or fully filled with liquid. Their model was able to 
simulate the behavior of a TPLTS under small temperature difference. Aung & Li (2013) used a 
MATLAB program for the iterative solution of flow through a two-phase closed loop 
thermosyphon with varying riser diameter and inclination angle. Bodjona et al. (2017) conducted 
a numerical investigation of a two-phase loop thermosyphon in steady and transient states by 
creating a 1D flow model which considers subcooled liquid and overheated vapor as well as 
evaporation and condensation. A specific hyperbolic solver based on Godunov method and Harten-
Lax- van Leer-Contact (HLLC) Riemann solver was used to solve the model simulations. Bodjona 
et al. (2018) later developed 1D reduced models, built using the Modal Identification Method, to 
simulate the behavior of a two-phase loop thermosyphon which requires much less CPU time than 
typical 2D or 3D simulations. 
The third type of thermosyphon is the single-phase loop thermosyphon (SPLTS) which is 
also sometimes referred to as single-phase natural circulation loop, a general schematic of which 
is shown in Fig. 36d. The basic structure is the same as that of a TPLTS where there is an 
evaporator section that heats the working fluid, a pipe connects the evaporator to the condenser 
(riser), the condenser cools the working fluid, and another pipe connects the condenser to the 
evaporator (downcomer) through which the working fluid flows back to the evaporator. The flow 
is driven by the hydrostatic pressure difference that results from the temperature gradient and 
resulting density gradient from the evaporator to the condenser. Fluid motion is generated by 
density differences in the due to temperature gradients generated by the evaporator and condenser 
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(Lu et al., 2014). The motion is governed by the balance of the opposite effects of buoyancy (due 
to the different fluid densities in the ascending (warm) and descending (cold) sections), and friction 
(Maiani et al., 2003). Generally, the heat sink is above the heat source to enhance the circulation 
rates (Vijayan, 2002). A disadvantage of the SPLTS is that interaction between buoyancy and 
frictional forces can be unstable. There is also an expansion tank shown in Fig. 36d which may be 
present in a SPLTS which may be present in a SPLTS to accommodate the volume expiation of 
working fluid as temperature increases.  
Various studies have investigated flow and heat transfer simulation of SPLTS. Maiani et 
al. (2003) created an analytical model describing the system and obtained a parametric 
representation of the behavior of a SPLTS assuming more general correlations for friction factor 
and heat transfer coefficient than are generally used. They studied the stability of the system by 
linearizing momentum and energy conditions and applying a first order perturbation method. 
Burroughs et al. (2005) modeled a SPLTS with the heat source on the bottom and used the Navier-
Stokes equations and the boussinesq approximation to derive a model where the first Fourier 
modes decouple leaving a system of three coupled nonlinear PDEs that completely describe the 
flow. They compared the predictions of their reduced model with numerical simulations of the 3D 
Navier-Stokes equations and the boussinesq approximation and found good agreement around the 
onset of convection. Pilkhwal et al. (2007) used 1D and 3D CFD codes to predict behavior 
observed in the experiments of a SPLTS. The code was effective in showing the origin of the 
pulsating instabilities that were seen in the experiment. Naveen et al. (2015) created a 1D model 
for simulating the startup of a single-phase loop thermosyphon using a pseudo-conductivity model 
which takes into account the energy transfer by local convection. Farawila et al. (2016) developed 
an analytical solution to represent the basic instability mechanisms where a simple analogue was 
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constructed such that the analytical solutions were free from diffusion and damping problems that 
are present in finite volume analyses. Their model fits the idealized case of single-phase flow with 
a constant pressure drop boundary condition and a fixed heat source. They also developed an 
extension of the model for two-phase flow due to bulk boiling in the riser. Luzzi et al. (2017) 
developed 1D semi-analytical and 3D numerical models to study the dynamic behavior of natural 
convection. Cheng et al. (2018) developed a 3D transient numerical simulation of a SPLTS. The 
transient response was obtained based in the finite difference method for solving 1D momentum 
and energy equations. Bejjam & Kiran Kumar (2018) created a 3D model for simulating flow 
through a SPLTS using ANSYS Fluent using the mixture model to solve conservation equations. 
While many numerical studies have been conducted for various types of thermosyphon, a 
few numerical simulations have been created to model TPCTS. Also, there is no systematic 
approach to observe flow patterns within a closed loop two-phase thermosyphon. Furthermore, 
flow characteristics of a TPLTS have not been modeled in detail and compared to experimental 
results. 
In this effort, a detailed transient 2D CFD simulation was developed to model the heat 
transfer and flow visualization in a TPLTS. The VOF multiphase model was used to simulate flow 
and heat transfer characteristics for several working fluid fill ratios and heat inputs. Temperature 
and pressure response and flow patterns are also compared to experimental results discussed in 
previous works by the present authors (Kloczko et al., 2019).  
2. Numerical Methodology 
The multi-fluid model is one method for the formulation of macroscopic equations of a 
multiphase system, obtained using phase averaging. The multi-fluid model performs averaging for 
each individual phase within a multiphase control volume (Faghri & Zhang, 2006). In this 
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computational model, one set of equations is generated for each phase present in the system. These 
equations describe the flow within the control volume. The mixture model is another method for 
the formulation of macroscopic equations of a multiphase system. In the mixture model, spatial 
averaging is performed over both phases simultaneously within the control volume, and the phases 
are considered together as a whole. Governing equations for the mixture model are obtained by 
adding the multi-fluid equations for each phase. Therefore, only one equation is solved for each 
conservation equation. The mixture model solves the momentum equation by describing the 
dispersed phases with relative velocities. The Ansys FLUENT VOF model (“Volume of Fluid 
(VOF) Model Theory,” 2006) is used to model multiphase flow in the TPLTS and uses both multi-
fluid and mixture models to describe the flow for this 2D transient model.  
In this approach, the multi-fluid model is used to solve the continuity equation; there is one 
equation for each phase present in the multiphase control volume. The following equation 
describes the continuity equation for the volume fraction of each phase to track the interface 
between phases (Faghri & Zhang, 2006): 
𝜕
𝜕𝑡
(𝜀𝑘〈𝜌𝑘〉
𝑘) + ∇ ∙ (𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘〉
𝑘) = ∑ (?̇? 𝑗𝑘
′′′)
Π
𝑗=1(𝑗≠𝑘)
 
 
(9) 
Since the sum of the volume fraction of all the fluid phases present in each computational 
cell must sum to 1, volume fraction is solved for each phase except the primary phase, which is 
defined based by ease of modeling to be the liquid phase working fluid. The volume fraction of 
the primary phase is determined by solving for the volume fraction such that the sum of all volume 
fractions is 1. 
The mixture model is used to solve the momentum equation. A single momentum equation 
is solved throughout the domain, which is dependent on the volume fractions of all the phases. The 
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properties in the momentum equation are calculated based on the phases in each control volume. 
The mixture model momentum equation is:  
𝜕
𝜕𝑡
(〈𝜌〉?̃?) + ∇ ⋅ ∑ 𝜀𝑘
Π
𝑘=1
〈𝜌𝑘〉
k〈𝐕𝑘𝐕𝑘〉
k =  ∇ ∙ 〈𝝉′〉 + 〈ρ〉𝐗 + ?̇?𝐼
′′′ 
(10) 
The energy equation, like the momentum equation, is shared among the phases and uses 
the mixture model. The mixture model energy equation is (Faghri & Zhang, 2006): 
𝜕
𝜕𝑡
(〈𝜌〉ℎ̃) + ∇ ∙ (∑ 𝜀𝑘〈𝜌𝑘〉
𝑘〈𝐕𝑘ℎ𝑘〉
𝑘
Π
𝑘=1
) = −∇ ∙ 〈𝐪′′〉 +
𝐷〈𝑝〉
𝐷𝑡
+ 〈𝑞′′′〉 + ∇?̃?: 〈𝝉〉 + 𝑞𝐼
′′′ 
(11) 
The working fluid inside the TPLTS is R134a. The ideal gas law is used to model the 
density of the vapor phase. Other properties are modeled as functions of temperature with 
polynomial relations obtained using data from NIST (“Thermophysical Properties of Fluid 
Systems,” 2017). The Boussinesq approximation is applied for density of the liquid phase of 
R134a. Again, all other properties are defined as polynomial functions of temperature. The 
saturation temperature for R134a is defined as a function of saturation pressure. The saturation 
temperature and pressure are related using a polynomial relationship with properties obtained from 
NIST. The phase change is modeled using the Lee Model (Lee, 1980). The Lee model uses the 
following equations to calculate mass transfers:  
𝑚𝑣̇ = −𝑚𝑙̇ = 𝑟𝑙𝜀𝑙𝜌𝑙
𝑇 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
          𝑇 > 𝑇𝑠𝑎𝑡 
(evaporation process) (12) 
𝑚𝑙̇ = −𝑚𝑣̇ = 𝑟𝑣𝜀𝑣𝜌𝑣
𝑇𝑠𝑎𝑡 − 𝑇
𝑇𝑠𝑎𝑡
          𝑇 < 𝑇𝑠𝑎𝑡  
 
(condensation process) 
 
(13) 
According to Sun et al., the value of r is recommended to be such as to maintain the 
interfacial temperature reasonably close to the saturation temperature, and to avoid divergence 
issues (Sun et al., 2014). Generally, 𝑟𝑙 and 𝑟𝑣 are set equal to 0.1 as the default in numerical 
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analysis. However, in this simulation, 𝑟𝑙 and 𝑟𝑣 are set proportional to 𝜌𝑙 and 𝜌𝑣 through the 
equation: 
𝑟𝑙 = 𝑟𝑣
𝜌
𝑙
𝜌
𝑣
 
 
 
(14) 
where 𝑟𝑣 is set to 0.1. Consideration of the density ratio will maintain balance between the 
evaporating mass transfer and the condensing mass transfer during phase change (Kim et al., 
2015). 
 The continuum surface force model (CSF) is used to model surface tension (Brackbill et 
al., 1992). The surface tension between the liquid and vapor phases of R134a is modeled using a 
polynomial relationship with temperature. The model described above is created in Ansys Fluent. 
Figure 37a shows the geometry and boundary conditions of the loop thermosyphon used in 
the simulation, and Fig. 37b shows the diagram of the thermosyphon used in experiments. The 
loop is modeled as stainless steel with inner and outer diameters of 10.9 mm and 12.7 mm, 
respectively. A non-slip boundary condition is imposed on the inner walls of the TPLTS. The 
evaporator section is modeled as a constant heat flux, the condenser is modeled as a convection 
boundary between the cooling water (not modeled) and the thermosyphon wall, and the remainder 
of the wall is modeled as a convection boundary to account for heat loss to the environment. The 
convection coefficients are obtained from experimental data. The following equation is used to 
calculate the convection coefficient between the condenser section of the pipe and the cooling 
water: 
ℎ𝑐 =
?̇?𝑜𝑢𝑡
𝜋𝐷𝐿𝑐(𝑇𝑐,𝑎𝑣𝑒 − 𝑇∞)
 
 
 
(15) 
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where 𝑇∞ is the temperature of the cooling water. A similar equation is used to calculate the 
convection coefficient between the wall and the air, except 𝑇𝑐,𝑎𝑣𝑒 is replaced with the average loop 
temperature and 𝑇∞ is the room temperature. 
The system is divided into regions where each region is specified with initial conditions; a 
small fraction of the volume, usually 5-10%, is specified to have an R134a vapor volume fraction 
of 1, the remainder is saturated liquid R134a. The initial temperature and pressure of the simulation 
are 298 K and 667690 Pa, respectively, which are the saturation conditions at room temperature.  
The temperature distribution along the wall of the TPLTS is measured at six locations in 
the model: just before and after the evaporator section (Evap_i and Evap_o, respectively), just 
before and after the condenser section (Cond_i and Cond_o, respectively), the top center of the 
loop (TC), and the bottom center of the loop (BC). The average temperatures at the evaporator and 
the condenser, which are used for thermal resistance calculations, are obtained by taking the 
average of the temperatures at Evap_i and Evap_o, and Cond_i and Cond_o, respectively. Pressure 
is recorded at the TC, BC, Cond_i, Cond_o, and center of the evaporator.  
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Figure 37: a. Model Geometry and Dimensions and b. Diagram of Experiment 
The geometry was constructed and meshed using the ANSYS workbench geometry and 
mesh applications. The fluid region is meshed with 40,909 elements (Mesh1). The model was also 
meshed with 85,104 elements (Mesh2) to test grid-independence for temperature and pressure. 
The average condenser temperature and average evaporator temperature are plotted in Fig. 38a, 
and average pressure is plotted in Fig. 38b for each mesh for a simulation with 90% liquid R134a, 
relative to total volume, and a 200W heat input to the evaporator.  
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Figure 38: a. Simulation Transient Response for a. Temperature and b. Pressure for Mesh1 and Mesh2 
for 90% R134a Fill Ratio and 200W Heat Input Simulation 
As seen in Fig. 38a, the average evaporator and condenser temperature follows the same trend for 
each mesh. The average evaporator temperature is very similar for both meshes, and the average 
condenser temperature is slightly less for Mesh2 than Mesh1. The average pressure follows the 
same trend for Mesh1 and Mesh2, the average pressure for Mesh2 is slightly lower than that of 
Mesh1. The TC, BC, average evaporator, and average condenser temperature and average pressure 
were monitored for each mesh for a simulation modeled with 90% liquid R134a fill ratio with 
respect to total loop volume and a 200W heat input. Steady state values are listed in Table 11, 
along with the percent difference between the two meshes.  
Table 11: Grid Independence Temperature and Pressure Comparison for 90% R134a Fill Ratio and 200W 
Heat Input Simulations 
Elements Pressure (bar) TC (K) BC (K) Evaporator (K) Condenser (K) 
40,909 (Mesh1) 11.39 314.90 312.31 315.39 312.31 
85,104 (Mesh2) 11.02 313.00 308.90 314.17 309.63 
% Difference 3.30% 0.61% 1.10% 0.39% 0.86% 
 
As seen in Table 11, the maximum percent difference in temperature is 1.10% between the two 
meshes, and the percent difference in pressure is 3.30%. These differences and those shown in Fig. 
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38 are small considering the increased computational time of the finer mesh. These minor 
differences do not justify the increased computational time of using Mesh2, and Mesh1 is used for 
determination of system temperature and pressure. 
A transient simulation with variable time step, with a minimum time step of 0.003 s, is 
carried out to model the pressure and temperature distribution and the two-phase flow in the 
TPLTS. The pressure-based, transient, planar solver is used. The flow is modeled as laminar, and 
the SIMPLE algorithm for pressure-velocity coupling is used. First order upwind, second order 
upwind, and PRESTO schemes are used for the discretization of momentum, energy, and pressure, 
respectively. Sharp interfaced modeling is used for flow visualization, with Geo-reconstruct 
discretization for the volume fraction. The sharp model is applicable when there is a distinct 
interface between the two phases (Choosing Volume Fraction Formulation).  
3. Simulation Validation and Comparison to Experimental Results 
3.1 Temperature and Pressure Response 
 The CFD model is validated with experimental data obtained in a previous effort (Kloczko 
et al., 2019). The simulation was run with fill ratios of 95%, 90%, and 85% liquid R134a with 
respect to the total loop volume, and a heat flux at the evaporator corresponding to a 200W, 250W, 
or 300W heat input. To compare simulation results to experimental results, the average evaporator 
and condenser temperature and average system pressure are plotted for the simulation and 
experiment for the 90% fill ratio and 200W heat input and are shown in Fig. 39. The steady state 
values for the temperatures around the loop, average pressure, and temperature drop are listed in 
Table 12 along with the percent difference between the experiment and simulation values for the 
different fill ratio and heat input simulations.  
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Figure 39: Comparison of Experiment and Simulation Transient Response of a. Temperature and b. 
Pressure to 200W Heat input for 90% Fill Ratio R134a 
As seen in Fig. 39, temperature and pressure in the simulation reach steady state faster than in the 
experiment. This is because the heating element used at the evaporator section to supply a constant 
heat flux takes time to reach that constant heat flux, whereas in the simulation the heat flux is 
constant throughout the simulation. While the simulation takes less time to reach steady state, the 
trend in temperature and pressure response is similar to the experiment. 
Simulation and experiment average evaporator and condenser temperature and average 
system pressure are also compared for 95% fill ratio and 200W heat input conditions and plotted 
in Fig. 40. The steady state values for the temperatures around the loop, average pressure, and 
temperature drop are listed in Table 12 along with the percent difference between the experiment 
and simulation values for the different fill ratio and heat input simulations. 
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Figure 40: Comparison of Experiment and Simulation Transient Response of a. Temperature 
and b. Pressure to 200W Heat input for 95% Fill Ratio R134a 
Similar to the 90% fill ratio and 200W heat input conditions shown in Fig. 39, the temperature and 
pressure in the simulation reach steady state faster than in the experiment for the conditions shown 
in Fig. 40. The temperatures are slightly higher in the simulation than in the experiment due to 
assumptions made while calculating boundary conditions. Since the temperature and pressure are 
related in the simulation, the simulation pressure is also higher than the experiment pressure. 
 Table 12 lists the steady state temperatures, average pressure, and temperature drop for 
simulations and experiments with fill ratios of 95%, 90%, and 85% and heat inputs of 200W, 
250W, and 300W, and the percent difference between them. The 95% fill ratio was only modeled 
with a 200W heat input, as the experiment was only able to reach steady state at a maximum heat 
input of 200W without exceeding maximum allowable temperature. 
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Table 12: Comparison of Simulation and Experiment Steady State Temperatures, Pressure, and 
Temperature Drop for 95%, 90%, and 85% R134a Fill Ratio and 200W, 250W, 300W Heat Input 
Fill 
Ratio 
Heat 
Input 
 Pressure 
(bar) 
TC (K) BC (K) Evaporator 
(K) 
Condenser 
(K) 
Temp. 
Drop (K) 
95% 200W Experiment 8.94 307.43 303.61 308.50 305.09 3.41 
Simulation 11.00 314.59 309.99 313.74 309.80 3.94 
% Difference 18.76% 2.28% 2.06% 1.67% 1.51% 13.45% 
90% 200W Experiment 10.17 312.25 306.06 312.57 307.46 5.11 
Simulation 10.79 312.99 310.11 314.18 307.92 6.27 
% Difference 5.75% 0.24% 1.31% 0.51% 0.15% 18.50% 
250W Experiment 10.82 314.21 308.75 316.22 311.13 5.10 
Simulation 11.94 318.97 313.29 318.08 313.15 4.93 
% Difference 9.40% 1.49% 1.45% 0.58% 0.64% 3.45% 
300W Experiment 12.30 318.29 313.46 321.46 315.06 6.40 
Simulation 13.30 323.75 317.94 323.22 317.80 5.41 
% Difference 7.53% 1.69% 1.41% 0.54% 0.86% 18.30% 
85% 200W Experiment 8.69 306.81 302.08 308.28 303.89 4.39 
Simulation 10.55 316.06 310.22 315.74 311.11 4.63 
% Difference 17.63% 2.93% 2.63% 2.36% 2.31% 5.18% 
250W Experiment 9.80 311.07 306.44 313.46 308.64 4.82 
Simulation 11.86 320.77 314.03 320.83 315.41 5.42 
% Difference 17.33% 3.02% 2.42% 2.29% 2.14% 11.07% 
300W Experiment 11.38 316.46 311.49 319.96 313.66 6.30 
Simulation 13.24 325.72 317.77 325.72 318.94 6.17 
% Difference 14.06% 2.84% 1.98% 1.59% 1.64% 2.11% 
 
As seen in Table 12, the maximum percent difference in steady state temperature between the 
simulation and experiment for the conditions modeled is 3.02% for the 85% fill ratio 250W heat 
input conditions, and the maximum percent difference in average pressure is 18.76% for the 95% 
fill ratio 200W heat input conditions. Simulation temperature is generally higher than the 
experiment with corresponding conditions, most likely due to a greater amount of heat being lost 
to the environment in the experiment than in the simulation. The pressure in the simulations is 
higher than in the experiments with corresponding heat input and fill ratio conditions due to the 
higher simulation temperatures. The temperature and pressure are related in the simulation, and a 
higher temperature results in a higher pressure. While the system temperature and pressure are 
generally higher in the simulation than the experiment, the simulation still gives a good 
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approximation of steady state temperatures and pressure and the trend in response to a heat input, 
as shown in Fig. 39 and Fig. 40.  
The maximum percent difference for temperature drop for the simulations listed in Table 
12, 18.50% for the 90% fill ratio 200W heat input conditions, is most likely due to the assumptions 
made during heat flux calculations. After performing error propagation, the experimental 
uncertainty in temperature drop between the evaporator and condenser is 0.59K. The simulation 
temperature drop is within this uncertainty for four of the seven simulations listed in Table 12. 
While the percent difference in temperature drop is higher than the steady state system temperature 
and pressure, there is still a reasonably good agreement between the simulation and experiment. 
3.2 Flow Visualization 
The flow patterns for the liquid and vapor within the TPLTS were compared between the 
experiment and simulation. To visualize the flow patterns in the experiment, three 5 inch glass 
tubes were added at different locations around the loop, as shown in Fig. 37. Figure 41 shows the 
flow visualization during the startup period in window 1 for the simulation and experiment. Red 
represents vapor working fluid and blue represents liquid working fluid in the simulation. Figure 
42 shows the flow visualization during the startup of the simulation and experiment in window 2. 
Flow visualization at window 3 is not shown for any of the fill ratio and heat input conditions 
discussed below because it remains a liquid throughout the simulation and experiment for the 90% 
and 95% fill ratios. Similar trends can be observed in flow visualization at the beginning of the 
experiment and simulation as shown in Fig. 41 and Fig. 42.  
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Figure 41: Time Evolution of Flow Visualization at Startup of Simulation as Time Progress from a. to c. 
to e., and Experiment as Time Progresses from b. to d. to f. After Bubbles Begin to Appear in Window 1 
for 90% R134a Fill Ratio and 200W Heat Input 
 In Fig. 41a and Fig. 41b there are two larger bubbles followed by several smaller bubbles. 
Then, in Fig. 41c and Fig. 41d, the distance between larger bubbles increases so that only one 
larger bubble is seen in the window. The larger bubble grows slightly in size and is preceded and 
followed by a series of smaller bubbles. Next, a section of many small bubbles appears in window 
1, as seen in Fig. 41e and Fig. 41f. During startup, the simulation can model the flow patterns in 
window 1. Figure 41c shows the liquid starting to boil at positions where the liquid temperature at 
the wall is greater than the saturation temperature, which results in continuous nucleation. Vapor 
bubbles form at these locations and rise through window 2, as shown in Fig. 42, to the top of the 
liquid region where they break and release their vapor content at the top of the loop. 
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In Fig. 42a there are several large bubbles, followed by several small bubbles. However, 
in Fig. 42b there is one large bubble that fills approximately half the visible section of window 2 
followed by several smaller bubbles. The simulation does not predict the very large bubble that is 
seen in Fig. 42b. Then, in Fig. 42c and Fig. 42d after the large vapor bubble passes through the 
window, there is a period of smaller bubbles flowing through window 2. Next, there is a time 
where only a few small bubbles appear in window 2, as seen in Fig. 42e and Fig. 42f. The 
simulation can model the flow patterns in window 2 reasonably well during the startup period of 
the experiment, except the simulation is not able to produce the larger bubbles that fill most of the 
window.  
 
Figure 42: Time Evolution of Flow Visualization at Startup of Simulation as Time Progresses from a. to 
c. to e., and Experiment as Time Progresses from b. to d. to f. After Bubbles Begin to Appear in Window 
2 for 90% R134a Fill Ratio and 200W Heat Input 
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 Flow patterns were also observed at steady state for the simulation and experiment. Figure 
43 shows the flow through the simulation and experiment at steady state just after the evaporator 
section. As seen in Fig. 43, there are a series of smaller bubbles flowing through window 1 at 
steady state. The location of the bubbles appears random in both the simulation and the experiment, 
and the bubbles sizes are relatively small. The simulation gives a good representation of the size 
and frequency of vapor bubbles flowing through window 1 just after the evaporator for these 
conditions. 
 
Figure 43: Time Evolution of Flow Visualization at Steady State of Simulation as Time Progresses from 
a. to c. to e., and Experiment as Time Progresses from b. to d. to f. in Window 1 for 90% R134a Fill Ratio 
and 200W Heat Input 
 The flow through window 2 at the top right of the loop is also observed for both the 
simulation and experiment at steady state, and flow patterns are shown in Fig 44. There is a clear 
pattern in the flow through window 2 that can be seen in the simulation and experiment. First, a 
small bubble passes through window 2, as shown in Fig. 44a and Fig. 44b. A larger bubble follows, 
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as shown in Fig. 44c and Fig. 44d. This larger bubble is followed by a section of fast moving 
smaller bubbles which decrease slightly in size, as seen in Fig. 44e-h. After this section of smaller 
bubbles, there is a period during which no vapor is present in window 2, as shown in Fig. 44i and 
Fig. 44j. This process then repeats. As seen in Fig. 44, the simulation gives a good representation 
of the flow patterns through window 2 at steady state and can reproduce the general pattern that is 
seen in the experiment.  
 
Figure 44: Time Evolution of Flow Visualization at Steady State of Simulation as Time Progresses from 
a. to c. to e. to g. to i., and Experiment as Time Progresses from b. to d. to f. to h. to j. in Window 2 for 
90% R134a Fill Ratio and 200W Heat Input 
Flow visualization is also studied in the simulation at steady state for the 90% fill ratio and 
250W heat input and compared to experimental data. Figure 45 and Fig. 46 show the flow through 
window 1 and window 2, respectively, for the simulation and experiment with these conditions. It 
can be seen in Fig. 45c that the flow through the experiment at window 1 at steady state is a series 
of small bubbles, followed by a few larger bubbles in Fig. 45e. This process repeats at window 1 
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at steady state for these conditions and can also be seen in the simulation. Figure 45a and Fig. 45b 
show a series of small bubbles flowing through this section on the model, followed by several 
larger bubbles in Fig. 45d, which gives a reasonably good approximation of the size and frequency 
of the bubbles flowing through window 1 at steady state. Also, when comparing the flow in Fig. 
43 to Fig. 45 for the 200W and 250W heat inputs, respectively, at steady state for 90% R134a fill 
ratios at window 1, it can be seen that the size and frequency of the bubbles in the simulation 
increases with increasing heat input, as is seen in the experiment.  
 
Figure 45: Time Evolution of Flow Visualization at Steady State of Simulation as Time Progresses from 
a. to b. to d., and Experiment as Time Progresses from c. to e. in Window 1 for 90% R134a Fill Ratio and 
250W Heat Input 
 In Fig. 46, the flow pattern in the experiment can be observed as several bubbles flowing 
through the window (Fig. 46b) until the frequency decreases and only one bubble flows through 
the window at a time (Fig. 46d), and eventually no vapor bubbles are present in window 2 (Fig. 
46f). Then, a larger bubble, followed by several smaller bubbles, flows through the window (Fig. 
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46h) and the process repeats. This process is represented in the simulation in Fig. 46a, Fig. 46c, 
Fig. 46e, and Fig. 46g. The simulation gives a reasonably good approximation of the flow pattern 
for the 90% R134a fill ratio and 250W heat input conditions. 
 
Figure 46: Time Evolution of Flow Visualization at Steady State of Simulation as Time Progresses from 
a. to c. to e. to g., and Experiment as Time Progresses from b. to d. to f. to h. in Window 2 for 90% R134a 
Fill Ratio and 250W Heat Input 
Flow visualization for the 95% fill ratio 200W heat input conditions is shown in Fig. 47 
and Fig. 48 at startup and steady state, respectively, for the simulation and experiment. As seen in 
Fig. 47a-f, the flow pattern in the simulation follows the same trend as in the experiment where 
there are a series of several larger bubbles which decrease in size and frequency as time progresses 
at startup. Figure 47g-l shows window 2 at startup, where in the experiment several large bubbles 
flow through window 2, followed by a time of no bubbles or very small bubbles, then another 
larger bubble. The simulation can predict this pattern, except is not capable of reproducing the 
large bubble shown in Fig. 47l. 
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Figure 47: Time Evolution of Flow Visualization at Startup of Simulation in Window 1 as Time 
Progresses from a. to c. to e. and Window 2 as Time Progresses from g. to i. to k., and Experiment in 
Window 1 as Time Progresses from b. to d. to f. and Window 2 as Time Progresses from h. to j. to l. for 
95% R134a Fill Ratio and 200W Heat Input 
 Figure 48a and Fig. 48b show the flow at steady state through window 1 for the 95% R134a 
fill ratio and 200W heat input condition, and Fig 48g-l show the flow through window 2 at steady 
state. At steady state for this condition, a series of small bubbles flows continuously through 
window 1, as seen in Fig. 48a and Fig. 48b. At window 2, several bubbles pass through at varying 
frequency. At times there are three vapor bubbles visible in the simulation and experiment at one 
time, as shown in Fig. 48c-f, and sometimes only one vapor bubble is present, as seen in Fig. 48g-
h. It can also be seen when comparing Fig. 48 to Fig. 43 for the 95% and 90% fill ratios, 
respectively, with 200W heat input that there is a larger amount of vapor present in window 2 for 
the 90% fill ratio than the 95% fill ratio, as is expected, in the simulation and experiment. 
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Figure 48: Time Evolution of Flow Visualization at Steady State of Simulation at a. Window 1 and as 
Time Progresses from c. to e. to g in Window 2, and Experiment in b. Window 1 and as Time Progresses 
from d. to f. to h. in Window 2 for 95% R134a Fill Ratio and 200W Heat Input 
 The simulation gives a reasonably good approximation for the flow patterns through 
windows 1 and 2 of the experiment for a 95% R134a fill ratio and 200W heat input and a 90% 
R134a fill ratio with 200W and 250W heat inputs. However, the simulation is not able to reproduce 
the larger bubbles that sometimes fill half or more than half the length of window 2.  
4. Conclusions 
 A two-phase closed loop thermosyphon filled 85-95% R134a in 5% increments, with 
respect to the total volume, is considered. A 2D CFD simulation was developed where flow 
patterns and temperature and pressure responses can be observed. The proposed CFD model can 
predict the steady state temperature and pressure within the TPLTS for the fill ratios and heat 
inputs studied. The simulation is also able to reproduce the general flow patterns of the liquid and 
vapor phase working fluid during the startup period and at steady state for these conditions 
reasonably well, except for the very large bubbles. The proposed CFD model was validated with 
experimental data. 
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5. Appendix: FLUENT Code for 200W Heat Input and 90% Fill Ratio R134a 
Simulation 
Fluent 
Version: 2d, dp, pbns, vof, lam, transient (2d, double precision, pressure-based, VOF, laminar, transient) 
Release: 19.2.0 
Title: 
 
 
Models 
------ 
 
   Model                        Settings                        
   --------------------------------------------------------- 
   Space                        2D                              
   Time                         Unsteady, 1st-Order Implicit    
   Viscous                      Laminar                         
   Heat Transfer                Enabled                         
   Solidification and Melting   Disabled                        
   Radiation                    None                            
   Species                      Disabled                        
   Coupled Dispersed Phase      Disabled                        
   NOx Pollutants               Disabled                        
   SOx Pollutants               Disabled                        
   Soot                         Disabled                        
   Mercury Pollutants           Disabled 
 
 
Material Properties 
------------------- 
 
   Material: steel (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   8030        
      Cp (Specific Heat)     j/kg-k   constant   502.48      
      Thermal Conductivity   w/m-k    constant   16.27       
 
   Material: r134a-vapor (fluid) 
 
      Property                        Units     Method       Value(s)                                                              
      ------------------------------------------------------------------------------------------------------------------------- 
      Density                         kg/m3     ideal-gas    #f                                                                    
      Cp (Specific Heat)              j/kg-k    polynomial   1609.791 0.740494 -9.129835e-06 -3.813924e-08 4.80227e-12             
      Thermal Conductivity            w/m-k     polynomial   -0.007967996 6.881332e-05 4.49046e-08 -9.099937e-12 
6.173314e-16      
      Viscosity                       kg/m-s    polynomial   -4.418944e-06 4.687638e-08 -5.389431e-12 3.202856e-16 
4.919179e-22    
      Molecular Weight                kg/kmol   constant     102.04                                                                
      Standard State Enthalpy         j/kgmol   constant     42063000                                                              
      Reference Temperature           k         constant     298.15                                                                
      Thermal Expansion Coefficient   1/k       constant     0                                                                     
      Speed of Sound                  m/s       none         #f                                                                    
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   Material: r124a-liquid (fluid) 
 
      Property                        Units     Method       Value(s)                            
      --------------------------------------------------------------------------------------- 
      Density                         kg/m3     boussinesq   1206.5                              
      Cp (Specific Heat)              j/kg-k    polynomial   6497.3 -38.297 0.0713               
      Thermal Conductivity            w/m-k     polynomial   0.2096119 -0.0004317029 2.9e-09     
      Viscosity                       kg/m-s    polynomial   0.001959953 -9.3911e-06 1.16e-08    
      Molecular Weight                kg/kmol   constant     102.04                              
      Standard State Enthalpy         j/kgmol   constant     23909000                            
      Reference Temperature           k         constant     298.15                              
      Thermal Expansion Coefficient   1/k       constant     0.00324                             
      Speed of Sound                  m/s       none         #f                                  
 
   Material: air (fluid) 
 
      Property                        Units     Method     Value(s)      
      --------------------------------------------------------------- 
      Density                         kg/m3     constant   1.225         
      Cp (Specific Heat)              j/kg-k    constant   1006.43       
      Thermal Conductivity            w/m-k     constant   0.0242        
      Viscosity                       kg/m-s    constant   1.7894e-05    
      Molecular Weight                kg/kmol   constant   28.966        
      Standard State Enthalpy         j/kgmol   constant   0             
      Reference Temperature           k         constant   298.15        
      Thermal Expansion Coefficient   1/k       constant   0             
      Speed of Sound                  m/s       none       #f            
 
   Material: aluminum (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   2719        
      Cp (Specific Heat)     j/kg-k   constant   871         
      Thermal Conductivity   w/m-k    constant   202.4 
 
 
Cell Zone Conditions 
-------------------- 
 
   Zones 
 
      name           id   type     
      ------------------------- 
      surface_body   2    fluid    
 
   Setup Conditions 
 
      surface_body 
 
         Condition       Value    
         --------------------- 
         Frame Motion?   no       
         Mesh Motion?    no 
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Boundary Conditions 
------------------- 
 
   Zones 
 
      name            id   type    
      ------------------------- 
      cooling_outer   5    wall    
      cooling_inner   6    wall    
      heating_inner   7    wall    
      heating_outer   8    wall    
      wall_inner      9    wall    
      wall_outer      10   wall    
 
   Setup Conditions 
 
      cooling_outer 
 
         Condition                                       Value    
         ----------------------------------------------------- 
         Thermal BC Type                                 2        
         Convective Heat Transfer Coefficient (w/m2-k)   207.5    
         Free Stream Temperature (k)                     279.6    
         Wall Motion                                     0        
         Shear Boundary Condition                        0        
 
      cooling_inner 
 
         Condition                                       Value    
         ----------------------------------------------------- 
         Thermal BC Type                                 2        
         Convective Heat Transfer Coefficient (w/m2-k)   207.5    
         Free Stream Temperature (k)                     279.6    
         Wall Motion                                     0        
         Shear Boundary Condition                        0        
 
      heating_inner 
 
         Condition                  Value    
         -------------------------------- 
         Thermal BC Type            1        
         Heat Flux (w/m2)           38247    
         Wall Motion                0        
         Shear Boundary Condition   0        
 
      heating_outer 
 
         Condition                  Value    
         -------------------------------- 
         Thermal BC Type            1        
         Heat Flux (w/m2)           38247    
         Wall Motion                0        
         Shear Boundary Condition   0        
 
      wall_inner 
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         Condition                                       Value    
         ----------------------------------------------------- 
         Thermal BC Type                                 2        
         Convective Heat Transfer Coefficient (w/m2-k)   41.5     
         Free Stream Temperature (k)                     298      
         Wall Motion                                     0        
         Shear Boundary Condition                        0        
 
      wall_outer 
 
         Condition                                       Value    
         ----------------------------------------------------- 
         Thermal BC Type                                 2        
         Convective Heat Transfer Coefficient (w/m2-k)   40.4     
         Free Stream Temperature (k)                     298      
         Wall Motion                                     0        
         Shear Boundary Condition                        0 
 
 
Solver Settings 
--------------- 
 
   Equations 
 
      Equation          Solved    
      ------------------------ 
      Flow              yes       
      Volume Fraction   yes       
      Energy            yes       
 
   Numerics 
 
      Numeric                         Enabled    
      --------------------------------------- 
      Absolute Velocity Formulation   yes        
 
   Unsteady Calculation Parameters 
 
                                               
      ------------------------------------- 
      Time Step (s)                   0.005    
      Max. Iterations Per Time Step   20       
 
   Relaxation 
 
      Variable            Relaxation Factor    
      ------------------------------------- 
      Pressure            0.3                  
      Density             0.89999998           
      Body Forces         0.89999998           
      Momentum            0.7                  
      Vaporization Mass   0.89999998           
      Energy              0.5                  
 
   Linear Solver 
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                   Solver     Termination   Residual Reduction    
      Variable     Type       Criterion     Tolerance             
      -------------------------------------------------------- 
      Pressure     V-Cycle    0.1                                 
      X-Momentum   Flexible   0.1           0.7                   
      Y-Momentum   Flexible   0.1           0.7                   
      Energy       F-Cycle    0.1                                 
 
   Pressure-Velocity Coupling 
 
      Parameter   Value     
      ------------------ 
      Type        SIMPLE    
 
   Discretization Scheme 
 
      Variable          Scheme                 
      ------------------------------------- 
      Pressure          PRESTO!                
      Density           First Order Upwind     
      Momentum          First Order Upwind     
      Volume Fraction   Geo-Reconstruct        
      Energy            Second Order Upwind    
 
   Solution Limits 
 
      Quantity                    Limit    
      --------------------------------- 
      Minimum Absolute Pressure   1        
      Maximum Absolute Pressure   5e+10    
      Minimum Temperature         1        
      Maximum Temperature         5000 
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Lessons Learned, Improvements, and Future Work 
 Several lessons were learned throughout this research. The first is that higher accuracy 
thermocouples should be used for measuring the wall temperature of the experiment. The K-type 
thermocouples used had a low accuracy and needed to be re-calibrated before each new 
experiment. Since the temperature drop was low (typically within the range of 3-7K). The 
thermocouples were calibrated to have an uncertainty ±0.42K. While this number appears to be 
small, it is 14% of a 3K temperature drop, which is substantial when the percent difference between 
the experiment and simulation is 19%. 
 Changing the orientation angle of the experiment was challenging. When determining the 
effects of changing the orientation angle, the device constantly needed to be rotated from vertical 
to a 45o angle, horizontal, and upside-down. This was especially difficult after flow visualization 
windows were added to the experiment. While the borosilicate glass used could withstand high 
internal pressures, they could still break easily if bent. Therefore, the experiment needed to be 
rotated without bending, so as not to damage the glass windows. This was difficult to do with such 
a large experiment. A suggestion on how to improve this process is to mount the experiment on a 
mounting board that can be rotated easily and set to exact inclination angles.  
 Changing the fill ratio was also a challenging process and took several attempts to develop 
an accurate method. Since the fill ratios needed to be changed often, it was important to establish 
a process for removing measurable amounts of working fluid. Early in the experiment, this was 
done by removing the entire device from the mounts and weighing it. Then small amounts of 
working fluid were removed and the difference in weight was measured to determine how much 
working fluid was removed. After flow visualization was added, this process was no longer a 
viable option, as continuously moving the experiment from the mounts to the scale and back risked 
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damaging the glass windows. Two separate processes needed to be created for the different 
working fluids (water and R134a). When R134a was used as the working fluid, the system pressure 
was always significantly greater than the atmospheric pressure. Therefore, a small cylinder was 
attached to the fluid release valve and when the valve was opened, working fluid would leave the 
system into the cylinder. The cylinder would be weighed before and after removing working fluid 
from the system to determine how much was removed.  
When water was used as the working fluid, fill ratios less than 100% resulted in system 
pressure lower than atmospheric pressure due to vacuum space in the system. Water needed to be 
removed without allowing any air into the system. This was done by supplying heat to the system 
such that the pressure increased to above atmospheric conditions. After the system pressure was 
considerably higher than atmospheric pressure, the fluid release valve was opened slightly so 
liquid water would be forced out of the system. This process needed to be repeated several times 
for each new fill ratio where the system was heated such that internal pressure was above 
atmospheric pressure, liquid was removed, pressure was increased again, and more water was 
removed, until the desired amount of water was removed from the system. The water was released 
into a beaker to measure how much was being taken out. This process could be improved by using 
a vacuum pump to remove working fluid, as long as there was a precise method for measuring 
how much liquid was removed without weighing the entire experiment, as this again puts too much 
risk on damaging the glass windows. However, this could be done easily if the experiment was 
mounted on a stable surface which is able to be moved and placed on the scale without possible 
bending. 
Several improvements can be made to the simulation. The first is to refine the mesh to have 
more elements throughout the entire geometry. The mesh should be further refined at the walls to 
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be able to reproduce the liquid film on the walls. More research and testing should be done in 
regard to the evaporation and condensation frequency used in the Lee model. The condensation 
and evaporation frequency were changed from the default of 0.1 to instead be related by the liquid 
and vapor density to avoid divergence. However, there are several other methods for relating the 
frequencies that have been discussed by previous authors and should be investigated for this model. 
Another method of improving the experiment is to modify the relationship between 
temperature and pressure. The temperature-pressure relationship is currently modeled as a 
polynomial. In this research, it was determined that minor changes to the polynomial could affect 
the simulation pressure results. Additional polynomials should be obtained, varying the degree of 
the polynomial and the temperature range at which the polynomial is created for, in the attempt to 
find a relationship that results in a smaller percent difference between the simulation and the 
experiment pressure.  
Future work for this research includes determining the effects of changing the size of the 
LTS. It is important to understand how changing the overall length, the distance between the 
evaporator and condenser, and the diameter of the pipe affects the heat transfer performance. After 
determining at what size this LTS can operate effectively, possible applications can be determined.  
Future work for the simulation specifically includes developing a model that uses water as 
the working fluid and verifying that the model can also predict the heat transfer and flow 
characteristics of the water LTS. The simulation should also be tested for cases in which the 
experiment was not able to transfer heat to determine if the model is able to also predict the 
operating range of fill ratios and orientation of the LTS and when the LTS is no longer able to 
transfer heat. 
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A flow visualization window should also be added to the top of the loop. This would allow 
us to be certain if there is vapor present in the loop at any given time. When testing the claim of 
phase change suppressed operation, it is important to be certain there is no longer any vapor present 
in the system, and the fully filled condition is reached. Since any remaining vapor would be 
generated at the heating element or would be at the very top of the loop, an additional window at 
the top of the loop would be beneficial. It would also allow us to check that there is no air in the 
system when initially filling the device. 
Finally, the experiment should have an expansion tank added and be tested further with 
phase change suppressed with R134a as the working fluid. In the experiments that have been 
conducted, the pressure increased significantly after the fully filled condition was reached and the 
heating element needed to be shut off. However, at this point, the LTS may be able to operate as a 
SPLTS if an expansion tank were added to accommodate further expansion of the working fluid 
after the fully filled condition is reached. 
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